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We analyse the discrepancy between the neutron lifetimes measured in the bottle and beam
experiments. Following Fornal and Grinstein (Phys. Rev. Lett. 120, 191801 (2018)) we propose
an explanation of such a puzzle by the dark matter modes of the neutron decay. However, unlike
Fornal and Grinstein in addition to the dark matter decay mode n → χ + e− + e+, where χ is
a dark matter Dirac fermion and (e−e+) is an electron–positron pair, we assume the existence of
the dark matter mode n → χ + νe + ν¯e, where νeν¯e is the neutrino–antineutrino pair. This allows
to describe the discrepancy between the measurements of the neutron lifetime even in case of an
unobservability of the dark matter decay mode n→ χ+ e− + e+, which may be below the reaction
threshold. The existence of the coupling n → χ + e− + e+ can be observed experimentally by
measuring electron–neutron scattering e−+n→ χ+ e− at very low electron energies, induced with
the strength of the decay n → χ + νe + ν¯e. We propose a gauge invariant quantum field theory
model with SUL(2)×UR(1)×U ′R(1)×U ′′L(1) symmetry for the UV completion of the effective (nχℓℓ¯)
interaction, where ℓ(ℓ¯) is electron (positron) or neutrino(antineutrino). We show that predictions
of our model do not contradict to constraints on dark matter production in ATLAS experiments at
the LHC and to constraints reported by other experimental groups, and evolution of neutron stars.
We argue that reactions n→ χ+νe+ ν¯e, n+n→ χ+χ, n+n→ χ+χ+νe+ ν¯e and χ+χ→ n+n,
allowed in our model, can serve as URCA processes for the neutron star cooling. We argue that
existence of neutron dark matter decays demands the revision of the neutron β−–decay beyond the
Standard Model with Fierz interference term of order b ∼ −10−2.
PACS numbers: 11.10.Ef, 13.30a, 95.35.+d, 25.40.Fq
I. INTRODUCTION
The neutron plays a dominant role in the fields of particle, nuclear and neutrino physics, astrophysics and cosmology
[1]. Today the measured neutron lifetime is still the only source to derive various semileptonic charged weak cross
sections needed in this fields [2]. The world averaged value of the neutron lifetime is now τn = 880.1(1.0) s [3], but
the experimental data on the neutron lifetime measurements of in–beam (flight) experiments differ from the data of
in–trap (bottle) experiments by up to one percent, and disagree with the calculated value. Indeed, the analysis of
the neutron β−–decay with a polarized neutron and unpolarized electron and proton, which has been carried out
in [4] with the account for the complete set of corrections of order 10−3, calculated in the Standard Model (SM)
and caused by the weak magnetism and proton recoil to next–to–leading order in the nucleon mass expansion and
radiative corrections, showed that the neutron lifetime, calculated at the axial constant λ = −1.2750(9) [5] (see also
[6]), is equal to τ
(SM)
n = 879.6(1.1) s. The neutron lifetime τ
(bottle)
n = 879.6(6) s, averaged over the experimental values
of the six bottle experiments [7]–[12] included in the Particle Date Group (PDG) [3] (see also [13]), agrees perfectly
well with the value τ
(SM)
n = 879.6(1.1) s. Recent experimental values of the neutron lifetime τn = 877.7
+0.8
−0.7 s [14] and
τn = 881.5(9) s [15] agree with the averaged value of the neutron lifetime τ
(bottle)
n = 879.6(6) s. Thus, one may see
that there is no room within the SM to get the neutron lifetime larger than τ
(SM)
n = 879.6(1.1) s supported by the
bottle experiments τ
(bottle)
n = 879.6(6) s (see also [13]).
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2Nevertheless, the measurements of the neutron lifetime in the beam experiments show larger values [16]–[19]. Indeed,
the neutron lifetime τ
(beam)
n = 888.0(2.0) s, averaged over the experimental values of the beam measurements [16]–[19],
differs from the averaged one τ
(bottle)
n = 879.6(6) s, obtained from the bottle experiments [7]–[12], by ∆τn = 8.4(2.1) s.
For an explanation of this discrepancy Fornal and Grinstein [20] have proposed that the total width λn of the neutron
decay is defined by
λn = λn→p + λn→χ, (1)
where λn→p and λn→χ are the widths, caused by the decay modes n→ p+anything and n→ χ+anything, respectively,
and χ is a dark matter Dirac particle. According to Fornal and Grinstein [20], the dark matter decay modes can be
n→ χ+γ, n→ χ+γ∗ → χ+e−+e+, and n→ χ+φ, where γ and γ∗ are real and virtual photons, respectively, and φ
is a scalar dark matter particle. The total neutron lifetime equal to τn = 1/λn is measured in the bottle experiments,
τn = τ
(bottle)
n = 879.6(6) s. In turn, in the beam experiments, where the decay proton is detected, the neutron lifetime
τ
(beam)
n = 888.0(2.0) s is defined by (see [20])
τ (beam)n =
τn
BR(n→ p+ anything) , (2)
where BR(n→ p+anything) = 0.99% in order to explain the neutron lifetime puzzle in such a way. Since the neutron
lifetime τn = 879.6(1.1) s, calculated in the SM with the axial coupling constant λ = −1.2750(9) the value of which is
supported by a global analysis by Czarnecki et al. [13], agrees perfectly well with the neutron lifetime τn = 879.6(6) s,
averaged over the experimental data of bottle experiments, the possibility for the neutron to have any dark matter
decay mode is fully ruled out. Indeed, according to the hypothesis by Fornal and Grinstein [20], the SM should explain
the neutron lifetime τn = 888.0(2.0) s, measured in the beam experiments, instead of to explain the neutron lifetime
τn = 879.6(6) s, measured in bottle ones. In order to fit the value τn = 888.0(2.0) s by the analytical expression for
the neutron lifetime (see Eq.(41) and (42) of Ref.[4]) the axial coupling constant λ should be equal to λ = −1.2690.
Since such a value of the axial coupling constant is ruled out by recent experiments [6]–[23] and global analysis by
Czarnecki et al. [13], so the hypothesis by Fornal and Grinstein [20] should state that the SM, including a complete
set of corrections of order 10−3 caused by the weak magnetism, proton recoil and radiative corrections [24] (see also
[4]), is not able to describe correctly the neutron decay modes n → p+ anything. Hence, the theoretical description
of the neutron lifetime, measured in the beam experiments, should go beyond the SM. Indeed, keeping the value of
the axial coupling constant equal λ = −1.2750 or so [6]–[23] and having accepted an existence of the dark matter
decay modes n→ χ+ anything we have also to accept a sufficiently large contribution of the Fierz interference term
b [25]. Using the results obtained in [4], the neutron lifetime τn = 888.0 s can be fitted by the axial coupling constant
λ = −1.2750, the Cabibbo–Kobayashi–Maskawa (CKM) matrix element Vud = 0.97420 [3] and the Fierz interference
term b = −1.44× 10−2 [26]. This is the price for the acceptance of the neutron dark matter decay modes, explaining
the neutron lifetime anomaly. Keeping in mind such an important problem, which has at least one positive solution
[26], of the neutron β−–decays, caused by the acceptance of the neutron dark matter decays n → χ+ anything, we
may proceed to the discussion of the properties of dark matter fermions from the neutron dark matter decay modes
n→ χ+anything and their compatibility with different experimental data by the ATLAS Collaboration at the LHC,
dynamics of neutron stars and so on.
According to recent experimental data [27], the decay mode n → χ + γ is suppressed. This entails a suppression
of the decay mode n → χ+ γ∗ → χ+ e− + e+. Then, in the experiment by the UCNA Collaboration [28] there has
been found that the decay n→ χ+ e− + e+ is excluded as a dominant dark matter decay mode at the level of ≫ 5σ
for the kinetic energies T−+ of the electron–positron pairs constrained by 100 keV < T−+ < 644 keV. As has been
pointed out in [28], if the final state χ + e− + e+ is not only one, the limit on its branching fraction is < 10−4 for
100 keV < T−+ < 644 keV at > 90% (C.L.). The latter does not contradict our assumption about an existence of
the dark matter decay mode n → χ+ νe + ν¯e. Thus, according to the experimental data by [27, 28], an existence of
the decay mode n → χ + e− + e+ seems to be suppressed. Of course, there is room for the following assumptions:
i) the dark matter decay mode n → χ + e− + e+ is not mediated by a virtual photon γ∗ but induced an effective
phenomenological low–energy interaction, ii) the electron–positron pair in the decay mode n→ χ+e−+e+, produced
by such an interaction, can be detected either by the UCNA Collaboration [28] for kinetic energies of the electron–
positron pair T−+ < 100 keV or by the PERKEO Collaboration [29] using the electron spectrometer PERKEO II [30],
and iii) an unobservability of the production of the electron–positron pair from the decay mode n → χ + e− + e+,
induced by an effective phenomenological low–energy interaction, may only mean that the electron–positron pair
production in the decay n → χ + e− + e+ is below the reaction threshold, i.e. mn < mχ + 2me, where mn, mχ and
me are the masses of the neutron, dark matter fermion and electron (positron), respectively.
This paper is addressed to the theoretical analysis of the neutron dark matter decay modes n→ χ+ e− + e+ and
n → χ + νe + ν¯e. For the extended analysis of the neutron dark matter decay modes we may in principle use the
3following most general phenomenological Lagrangian of dark–matter-baryon-lepton interactions
LDMBL(x) = −GF√
2
Vud
{
[ψ¯χ(x)γµψn(x)][Ψ¯e(x)γ
µ(hV + h¯V γ
5)Ψe(x)]
+[ψ¯χ(x)γµγ
5ψn(x)][Ψ¯e(x)γ
µ(h¯A + hAγ
5)Ψe(x)] + [ψ¯χ(x)ψn(x)][Ψ¯e(x)(hS + h¯Sγ
5)Ψe(x)]
+[ψ¯χ(x)γ
5ψn(x)][Ψ¯e(x)(hP + h¯Pγ
5)Ψe(x)] +
1
2
[ψ¯χ(x)σ
µνγ5ψn(x)][Ψ¯e(x)σµν (h¯T + hTγ
5)Ψe(x)
}
, (3)
where GF = 1.1664 × 10−11MeV−2 is the Fermi weak constant, Vud = 0.97420(21) is the Cabibbo-Kobayashi–
Maskawa (CKM) matrix element [3], extracted from the 0+ → 0+ transitions [3]. The factor GFVud/
√
2 is introduced
for convenuence to compare the neutron dark matter decays n→ χ+ e− + e+ and n→ χ+ νe + ν¯e with the neutron
decays n→ p+ anything. The coupling constants hj and h¯j for j = V,A, S, P and T are phenomenological coupling
constants of vector, axial–vector, scalar, pseudoscalar and tensor interactions, respectively, define the strength of the
dark–matter–neutron–lepton interactions. The Lagrangian Eq.(3) is obviously relativistic covariant or invariant under
Lorentz transformations [31] and written by analogy with well–known phenomenological interactions beyond the SM,
proposed in [25, 32]–[39] (see also [4, 40]–[45]). Then, ψχ(x) and ψn(x) are the field operators of the dark matter
Dirac particle and neutron, respectively. According to the Standard Electroweak Model (SEM) [3], the field operator
Ψe(x) is defined by
Ψe(x) =
(
ψνe(x)
ψe(x)
)
, (4)
where ψνe(x) and ψe(x) are the field operators of the electron–neutrino (electron–antineutrino) and electron (positron),
respectively. If we take into account that in the SEM the neutrino–electron doublet is left–handed, i.e. Ψe(x) →
ΨeL(x) = PLΨe(x) with the projection operator PL = (1 − γ5)/2, the effective phenomenological interaction Eq.(3)
reduces to the form
LDMBL(x) = −GF√
2
Vud[ψ¯χ(x)γµ(hV + h¯Aγ
5)ψn(x)][Ψ¯e(x)γ
µ(1 − γ5)Ψe(x)], (5)
where without loss of generality we have set h¯j = −hj for j = V,A. Using the Lagrangian Eq.(5) we calculate i) the
electron–energy and angular distribution of the decay n→ χ+ e− + e+ mode, ii) the contribution of the dark matter
decay mode n→ χ+e−+e+ to probability distribution of the neutron β−–decays as a function of the electron energy,
iii) the probability distribution of the neutron decay mode n→ χ+ e− + e+ as a function of the electron energy, iv)
the energy and angular distribution and the rate of the decay mode n→ χ+ νe + ν¯e, v) the probability distribution
of the decay n→ χ+ e−+ e+ as a function of the invariant mass of the electron–positron pair and vi) the differential
cross section for the reaction e− + n → χ + e− of the low–energy electron scattering by polarized and unpolarized
neutron. The results, obtained in i) - v) can be used as a theoretical background for searches of the dark matter decay
mode n→ χ+ e− + e+ in the region of kinetic energies T−+ < 100 keV of the electron–positron pairs in experiments
of the UCNA Collaboration [28] and of the PERKEO II Collaboration [29].
The paper is organized as follows. In section II we calculate the electron–energy and angular distribution of the
dark matter decay n → χ + e− + e+ for polarized neutron and unpolarized decay particles, and the rate of this
decay mode. We give also the probability distribution of the neutron decays as a function of the electron energy.
In section III we give i) the theoretical probability distribution of the dark matter decay n → χ + e− + e+ as a
function of the electron energy and the correlation coefficient of the electron–positron 3–momenta. In section IV
we calculate the electron–antineutrino–energy and angular distribution of the dark matter decay n → χ + νe + ν¯e
and the contribution of this decay mode to the rate of the neutron decays. The numerical value of the correlation
coefficient ζ(dm), defining the strength of the phenomenological nχe−e+ and nχνeν¯e couplings, is estimated at the
assumption that the production of the electron–positron pair in the dark matter decay n → χ + e− + e+ is below
the reaction threshold, i.e. the mass of the dark matter fermion obeys the constraint mχ > mn − 2me. In section V
we give the theoretical expression for the electron asymmetry, caused by the electron 3–momentum and neutron spin
correlations. In section VI we give the probability distribution of the decay n → χ + e− + e+ relative to the rate of
the neutron β−–decay as a function of the invariant mass of the electron–positron pair. In section VII we calculate
the differential cross section and the cross section for the low–energy electron–neutron scattering e− + n → χ + e−.
The differential cross section possesses the following properties: i) it is inversely proportional to velocity of incoming
electrons, ii) it is isotropic relative to directions of the 3–momentum of outgoing electrons ~k
′
e , and iii) the absolute
values of the 3–momenta of outgoing electrons are much larger than the momenta of incoming electrons. All of these
properties of the differential cross section for the reaction e−+n→ χ+ e− allow to distinguish such a reaction above
the background of the elastic low–energy electron–neutron scattering. In section VIII we i) propose a gauge invariant
4quantum field theory model with SUL(2) × UR(1) × U ′R(1) × U ′′L(1) gauge symmetry for the UV completion of the
effective interaction Eq.(5), ii) discuss compatibility of predictions of our model with constraints on the dark matter
production in ATLAS experiments at the LHC and on cross section for low–energy dark matter fermion–electron
scattering, iii) analyse an influence of dark matter fermions with masses mχ < mn on dynamics of neutron stars and
iv) argue that processes n→ χ+νe+ ν¯e, n+n→ χ+χ, n+n→ χ+χ+νe+ ν¯e and χ+χ→ n+n, allowed in our model,
can serve as URCA processes for the neutron star cooling. In section IX we discuss the obtained results and further
perspectives of our model for the analysis of dark matter in terrestrial laboratories. We discuss also i) a possibility to
avoid violation of renormalizability of the quantum field theory of the dark matter sector with U ′R(1) gauge symmetry
to any order O(enχ/2
n) of perturbation theory for n ≥ 6 [46]–[48], caused by the Adler–Bell–Jackiw anomaly [49, 50],
where eχ is the gauge coupling constant, and ii) constraints on the mass of the dark matter spin–1 boson Z
′ and the
gauge coupling constant eχ from the branching ratio of the Higgs–boson decay mode H
0 → Z + Z ′. We show that
the branching ratio Br(H0 → ZZ ′) = 1.77× 10−6, calculated in our model at the gauge coupling constant eχ = 1, the
mass MZ′ ≃ 3GeV of the dark matter spin–1 boson Z ′, the mass MH0 = 125GeV of the SM Higgs–boson [51, 52]
and its total width ΓH0 = 4.07MeV [53], agrees with the constraint Br(H
0 → ZZ ′) ∼ (10−4 − 10−6) imposed by
Curtin et al. [53] (see Fig. 12 of Ref. [53]). We propose also a version of our model formulated at the quark level.
II. ELECTRON–ENERGY AND ANGULAR DISTRIBUTION OF DECAY MODE n→ χ+ e− + e+
Following [4] the electron–energy and angular distribution for the polarized neutron and unpolarized decay fermions
can be defined by
d5λn→χ e−e+(E−, ~ξn, ~k−, ~k+)
dE−dΩ−dΩ+
= (1 + 3λ2)
G2F |Vud|2
32π5
(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)
×
√
E2− −m2e E− ζ(dm)
(
1 + a(dm)
~k− · ~k+
E−E+
+A
(dm)
−
~ξn · ~k−
E−
+A
(dm)
+
~ξn · ~k+
E+
+D(dm)
~ξn · (~k− × ~k+)
E−E+
)
, (6)
where ~ξn is a unit vector of the neutron polarization. The correlation coefficients ζ
(dm), a(dm), A
(dm)
∓ are equal to
ζ(dm) =
1
1 + 3λ2
(|hV |2 + 3|h¯A|2) , a(dm) = |hV |2 − |h¯A|2|hV |2 + 3|h¯A|2 ,
A
(dm)
∓ = −2
Re(hV h¯
∗
A)± |h¯A|2
|hV |2 + 3|h¯A|2
, D(dm) =
2 Im(hV h¯
∗
A)
|hV |2 + 3|h¯A|2
. (7)
Then, (E∓, ~k∓) are the energies and 3–momenta of the electron and positron, respectively, dΩ∓ = sin θ∓dθ∓dφ∓ are
the infinitesimal solid angles of the electron (−) and positron (+) 3–momenta and ~k− · ~k+ = k−k+(cos θ− cos θ+ +
sin θ− sin θ+ cos(φ− − φ+)). Then, E(−+)0 = (m2n − m2χ − 2mχme)/2mn = mn − mχ − me is the end–point
energy of the electron–energy spectrum, taken to leading order in the large dark matter fermion and neutron
mass expansion. The positron energy E+ and momentum k+ are equal to E+ = E(−+)0 + me − E− and k+ =√
(E(−+)0 − E−)(E(−+)0 + 2me − E−). The rate of the dark matter decay mode n→ χ+ e− + e+ is given by
λn→χ e−e+ = (1 + 3λ
2) ζ(dm)
G2F |Vud|2
2π3
∫ E(−+)0
me
dE− (E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)
×
√
E2− −m2e E−. (8)
For the probability distribution of the neutron decay modes as a function of the electron energy we obtain the following
expression.
dWn(E−)
dE−
=
(E0 − E−)2
√
E2− −m2e E−
fn
ζ(SM)(E−)F (E−, Z = 1)
{
1 + Θ(E(−+)0 − E−)
9.68× 10−3fn
(E0 − E−)2
×
(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)∫ E(−+)0
me
(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)
√
E2− −m2e E− dE−
}
, (9)
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FIG. 1: The probability distribution of the neutron decay modes Eq.(9) as a function of the electron energy and the mass mχ
of the dark matter fermion is plotted in the electron–energy region me ≤ E− ≤ E0 for 937.9MeV ≤ mχ ≤ 938.543MeV, where
the red and blue curves are defined for mχ = 937.9MeV and mχ = 938.543MeV, respectively.
where Θ(E(−+)0 −E−) is the Heaviside function, E0 = (m2n−m2p+m2e)/2mn = 1.2927MeV is the end–point energy of
the electron–energy spectrum [4], fn = 0.0616MeV
5 is the phase–volume of the neutron β−–decay [4], F (E−, Z = 1)
is the relativistic Fermi function and ζ(SM)(E−) is the correlation coefficient, calculated in the SM [24] (see also [4]).
In Fig. 1 we plot Eq.(9) as a function of mχ in the region 937.9MeV ≤ mχ ≤ 938.543MeV, proposed by Fornal
and Grinstein [20]. One may see that the contribution of the dark matter decay n → χ + e− + e+ to the electron–
energy distribution can be hardly distinguished above the electron–energy distribution from the neutron β−–decay
n→ p+e−+ν¯e. In order to get the positron–energy and angular distribution of the dark matter decay n→ χ+e−+e+
one may use Eq.(6) with the replacement E− → E+.
III. ELECTRON–ENERGY AND ANGULAR DISTRIBUTION OF PROBABILITY OF DECAY MODE
n→ χ+ e− + e+ RELATIVE TO RATE OF NEUTRON β−–DECAY
Since, as it is seen from Fig. 1, the contribution of the dark matter decay n→ χ+e−+e+ can be hardly distinguished
above the electron–energy distribution of the neutron β−–decay n → p + e− + ν¯e, for the experimental analysis of
the dark matter decay n → χ + e− + e+ we propose to use the probability distribution of this decay as function of
the electron–energy and angular correlations of the electron–positron pairs. The probability distribution of the dark
matter decay n → χ+ e− + e+, calculated relative to the rate of the neutron β−–decay from Eq.(6) for unpolarized
neutron and decay fermions, is equal to
d5Wn→χ e−e+(E−, ~k−, ~k+)
dE−dΩ−dΩ+
=
=
1
16π2
9.68× 10−3(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)(E2− −m2e)E−∫ E(−+)0
me
(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)
√
E2− −m2e E− dE−
×
(
1 + a(dm)
√
(E2− −m2e)(E(−+)0 − E−)(E(−+)0 + 2me − E−)
E−(E(−+)0 +me − E−)
(
cos θ− cos θ+ + sin θ− sin θ+ cos(φ− − φ+)
))
. (10)
The electron–energy probability distribution Eq.(10) can be used for the analysis of the experimental data on
the search for the dark matter decay mode n → χ + e− + e+ in the region of electron–positron kinetic energies
T−+ < 100 keV by the UCNA Collaboration [28] or by the PERKEOCollaboration [29] using the electron spectrometer
PERKEO II. In order to get the positron–energy and angular distribution of the dark matter decay n→ χ+ e−+ e+
one may use Eq.(10) with the replacement E− → E+. Unobservability of the electron–positron pairs in the neutron
decays may mean that a production of such a pair is below threshold of the reaction n → χ + e− + e+. In case of
unobservability of the dark matter decay mode n→ χ+ e−+ e+ the rate of the neutron dark matter decay should be
fully defined by the dark matter decay one n→ χ+ νe + ν¯e.
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FIG. 2: The probability distribution of the neutron dark matter decay n → χ + e− + e+ Eq.(10), calculated at a(dm) = 0,
as a function of the electron energy and the mass mχ of the dark matter fermion is plotted in the electron–energy region
me ≤ E− ≤ E (−+)0 for mχ = 937.9MeV (red), mχ = 938.2MeV (blue), and mχ = 938.5MeV (green), respectively.
IV. RATE AND ANTINEUTRINO–ENERGY AND ANGULAR DISTRIBUTION OF THE NEUTRON
DARK MATTER DECAY MODE n→ χ+ νe + ν¯e
For the calculation of the rate of the dark matter decay mode n → χ + νe + ν¯e we have to calculate the
antineutrino(neutrino)–energy and angular distribution of this mode. The antineutrino–energy and angular dis-
tribution of the neutron dark matter decay mode n→ χ+ νe+ ν¯e for the unpolarized massive fermions can be defined
by
d3λn→χ νeν¯e(Eν¯ ,
~kν¯ , ~kν)
dEν¯dΩ
= (1 + 3λ2)
G2F |Vud|2
8π4
(E0 − Eν¯)2E2ν¯ ζ(dm)
(
1 + a(dm)
~kν¯ · ~kν
Eν¯Eν
)
, (11)
where the correlation coefficients ζ(dm) and a(dm) are given in Eq.(7), and dΩ = sinϑdϑdϕ is the infinitesimal solid
angle of the antineutrino–neutrino 3–momentum correlations ~kν¯ · ~kν = Eν¯Eν cosϑ. The end–point energy of the
antineutrino–energy spectrum E0 is equal to E0 = (m2n−m2χ)/2mn = mn−mχ and taken to leading order in the large
dark matter fermion and neutron mass expansion. The rate of the decay mode n→ χ+ νe + ν¯e is equal to
λn→χ νeν¯e = (1 + 3λ
2) ζ(dm)
G2F |Vud|2
2π3
E50
30
=
ζ(dm)
τnfn
E50
30
=
τ
(beam)
n − τ (bottle)n
τ
(beam)
n τ
(bottle)
n
= 1.1× 10−5 s−1, (12)
where we have used 1/τn = (1+3λ
2)G2F |Vud|2fn/2π3, τn = 879.6 s and fn = 0.0616MeV5, which is the Fermi integral
of the neutron β−–decay [4]. Now we may define the correlation coefficient ζ(dm)
ζ(dm) = 1.1× 10−5 × 30 τnfnE50
=
0.018
(mn −mχ)5 , (13)
where mn−mχ is measured in MeV. The correlation coefficient ζ(dm) or the dimensionless coupling constant Eq.(13)
can be used for the analysis of the low–energy electron–neutron inelastic e− + n → χ+ e− scattering. The estimate
Eq.(13) is also valid if we replace τn = 879.6 s by τn = 888.0 s.
V. ELECTRON ASYMMETRY OF NEUTRON DECAYS WITH POLARIZED NEUTRON AND
UNPOLARIZED MASSIVE DECAY FERMIONS
Keeping in mind that the UCNA and PERKEO Collaborations are able in principle to observe the dark matter
decay mode n → χ + e− + e+ for electron–positron kinetic energies T−+ < 100 keV we calculate the contribution of
the decay mode n→ χ+ e− + e+ to the electron asymmetry of the neutron β−–decay. Following [4] we calculate the
contribution of the neutron dark matter decay n→ χ+ e− + e+ to the electron asymmetry
Aexp =
{
A(SM)(Ee) + Θ(E(−+)0 − Ee)
(E(−+)0 +me − Ee)
√
(E(−+)0 − Ee)(E(−+)0 + 2me − Ee)
(E0 − Ee)2
×
(
− 2
1 + 3λ2
(
Re(hV h¯
∗
A) + |h¯A|2
)−A0 1
1 + 3λ2
(|hV |2 + 3|h¯A|2))} 1
2
βePn(cos θ1 + cos θ2), (14)
7where A(SM)(Ee) defines the electron asymmetry, calculated in the SM (see Eqs.(17) and (20) of Ref.[4]), Ee = E−
and βe = β− are the energy and velocity of the decay electron, Pn = |~ξn| ≤ 1 is the neutron spin polarization. The
electrons are detected in the solid angle ∆Ω
(−)
12 = 2π(cos θ1 − cos θ2) with 0 ≤ ϕ ≤ 2π and θ1 ≤ θ− ≤ θ2 with respect
to the neutron spin [54] (see also [6, 30]). In case of non–relativistic electron–positron pairs positrons can be detected
in the solid angle ∆Ω
(−)
12 = 2π(cos θ1 − cos θ2) in the direction opposite to the direction of the electron 3–momentum
~k−.
VI. PROBABILITY DISTRIBUTION OF DARK MATTER DECAY n→ χ+ e− + e+ AS A FUNCTION
OF INVARIANT MASS OF ELECTRON–POSITRON PAIRS
The results, obtained in this section, can be also used for the analysis of experimental data on searches of the dark
matter decay mode n → χ + e− + e+ in prospective experiments of the UCNA and PERKEO Collaborations for
electron–positron kinetic energies T−+ < 100 keV. The relativistic covariant calculation gives for the density of the
rate of the dark matter decay n→ χ+ e− + e+ the following expression
d9λn→χ e−e+ =
G2F |Vud|2
32π5mn
{(|hV |2 + |h¯A|2) [(kχ · k−)(kn · k+) + (kχ · k+)(kn · k−)]−mnmχ(|hV |2 − |h¯A|2)(k− · k+)
+2mnRe(hV h¯
∗
A
) [
(kχ · k−)(ζn · k+) + (kχ · k+)(ζn · k−)
] − 2Re(hV h¯∗A) [(kχ · k−)(kn · k+)− (kχ · k+)(kn · k−)]
−mn
(|hV |2 + |h¯A|2) [(kχ · k−)(ζn · k+)− (kχ · k+)(ζn · k−)]+mχ (|hV |2 − |h¯A|2) [(kn · k−)(ζn · k+)
−(kn · k+)(ζn · k−)
]−mχ i (hV h¯∗A − h∗V h¯A) εαβµνknαζnβk−µk+ν} δ(4)(kn − kχ − k− − k+) d3kχEχ
d3k−
E−
d3k+
E+
. (15)
To leading order in the large heavy neutron and dark matter fermion expansion the right–hand–side (r.h.s.) of Eq.(15)
reproduces the electron–energy and angular distribution given by Eq.(6). Then, using Eq.(15) and following the
technique of the calculation of the phase–volume of three–particle decays [55] we define the probability distribution
of the decay n → χ + e− + e+ with respect to the neutron β−–decay as a function of the invariant mass of the
electron–positron pair m2−+ = (k− + k+)
2. We get
dWn→χ e−e+(m−+)
dm−+
=
1
48m3n
9.68× 10−3
√(
m2−+ − 4m2e
) (
(m2n −m2χ +m2−+)2 − 4m2nm2−+
)
∫ E(−+)0
me
(E(−+)0 +me − E−)
√
(E(−+)0 − E−)(E(−+)0 + 2me − E−)
√
E2− −m2e E− dE−
×
{[
(m2−+ − 4m2e) (m2n +m2χ −m2−+) +
(
1 +
2m2e
m2−+
) (
(m2n −m2χ)2 −m4−+
)]
+a(dm)
[
(m2−+ − 4m2e) (m2n +m2χ −m2−+)− 12mnmχ (m2−+ − 2m2e) +
(
1 +
2m2e
m2−+
)
× ((m2n −m2χ)2 −m4−+)]}, (16)
where Wn→χ e− e+ = τnλn→χ e− e+ and E(−+)0 = (m2n − m2χ − 2mχme)/2mn. To leading order in the large neutron
and dark matter fermion mass expansion E(−+)0 = mn −mχ −me. We remind that all masses in the r.h.s. of Eq.(16)
are measured in MeV. The invariant mass m−+ varies in the limits 2me ≤ m−+ ≤ (mn −mχ) [55]. Since to leading
order in the large neutron and dark matter fermion heavy mass expansion the energy of the electron–positron pair
E−+ is equal to the mass difference E−+ = E− + E+ = mn −mχ, the squared invariant mass m2−+ as a function of
the energy difference (E− − E+) is defined by
m2−+ = (mn −mχ)2 −
1
2
(
(E− − E+)2 + (mn −mχ)2 − 4m2e
)
− 1
2
√[
(E− − E+)2 +
(
(mn −mχ)2 − 4m2e
)]2 − 4(mn −mχ)2 (E− − E+)2 cosϑ. (17)
where ~k− · ~k+ = k−k+ cosϑ. Since for ϑ = π and ϑ = 0 we have to get m2−+ = (mn −mχ)2 and m2+ = 4m2e [55],
respectively, we derive that E− = E+. This gives
m2−+ = (mn −mχ)2
(
1−
(
1− 4m
2
e
(mn −mχ)2
)
cos2
ϑ
2
)
. (18)
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FIG. 3: The probability distribution of the neutron dark matter decay n→ χ+ e− + e+ Eq.(16) as a function of the invariant
mass of the electron–positron pair, where left and right figures are plotted for a(dm) = 0 and the mass mχ of the dark matter
fermion mχ = 937.9MeV and mχ = 938.543MeV, respectively.
In Fig. 3 we plot the probability density Eq.(16) at a(dm) = 0 and for mχ = 937.9MeV (left figure) and mχ =
938.543MeV (right figure) in the invariant mass region 2me ≤ m−+ ≤ (mn − mχ), respectively. These plots may
serve as theoretical backgrounds for the analysis of the experimental data on searches of the dark matter decay mode
n→ χ+ e−+ e+ in the experiments of the UCNA and PERKEO Collaborations at electron–positron kinetic energies
T−+ < 100 keV.
VII. LOW–ENERGY ELECTRON–NEUTRON INELASTIC SCATTERING
Because of the magnetic moment a neutron, moving with a 3-momentum ~kn, can couple to an electric field of
electrically charged particles [56–58]. In turn, a moving electrically charged particle such as an electron may also
couple to a neutron at rest. Below we calculate the differential cross section for the reaction e− + n→ χ+ e−, which
can be measured above a background of a low–energy electron–neutron electromagnetic interaction. The amplitude
of the reaction e−+n→ χ+ e− to leading order in the large neutron and dark matter fermion heavy mass expansion
is equal to
M(e−n→ χe−) =√4mnmχ GFVud√
2
(
hV [ϕ
†
χϕn][u¯
′
eγ
0(1− γ5)ue]− h¯A[ϕ†χ~σϕn] · [u¯′e~γ (1− γ5)ue]
)
. (19)
The hermitian conjugate amplitude is
M †(e−n→ χe−) =√4mnmχ GFVud√
2
(
h∗V [ϕ
†
nϕn][u¯eγ
0(1− γ5)u′e]− h¯∗A[ϕ†n~σϕχ] · [u¯e~γ (1− γ5)u′e]
)
. (20)
In Eqs.(19) and (20) ϕχ and ϕn are the Pauli wave functions of the dark matter fermion and neutron, respectively, and
u′e and ue are the Dirac wave functions of free electrons in the final and initial states of the reaction e
−+n→ χ+ e−.
The differential cross section for the reaction e− + n→ χ+ e− with a polarized neutron is equal to
d2σ(~ξn, ~k
′
e ,
~ke)
dΩ′e
= (1 + 3λ2)
G2F |Vud|2
8π2
E′eEe
k′e
ke
ζ(dm)
(
1 + a(dm)
~k
′
e · ~ke
E′eEe
+A
(dm)
+
~ξn · ~k ′e
E′e
+A
(dm)
−
~ξn · ~ke
Ee
)
=
=
π
4
ζ(dm)
τnfn
E′eEe
k′e
ke
(
1 + a(dm)
~k
′
e · ~ke
E′eEe
+A
(dm)
+
~ξn · ~k ′e
E′e
+A
(dm)
−
~ξn · ~ke
Ee
)
, (21)
where ~ξn is a unit vector of the neutron polarization, E
′
e = E0 + Ee with E0 = mn − mχ and dΩ′e = sin θ′edθ′edφ′e
is the infinitesimal solid angle of the 3–momentum ~k
′
e of the outgoing electron such as
~k
′
e · ~ke = k′eke
(
cos θ′e cos θe +
sin θ′e sin θe cos(φ
′
e − φe)
)
. The correlation coefficients are defined in Eq.(7). The cross section for the reaction
e− + n→ χ+ e− with a polarized neutron is
σ(~ξn, ~ke) =
π
4
ζ(dm)
τnfn
E′eEe
k′e
ke
(
1 +A
(dm)
−
~ξn · ~ke
Ee
)
. (22)
The differential cross section for the reaction e− + n→ χ+ e− with an unpolarized neutron is given by
d2σ(ke, ~n
′, ~n )
dΩ′e
=
π
4
ζ(dm)
τnfn
E′eEe
k′e
ke
(
1 + a(dm)
k′eke
E′eEe
~n ′ · ~n
)
, (23)
9where ~n ′ and ~n are unit vectors in the directions ~k
′
e and
~ke, respectively. For low–energy electrons the differential
cross section Eq.(23) can be transcribed into the form
d2σ(βe, ~n
′, ~n )
dΩ′e
=
σ0
4πβe
(
1 + a(dm)
√
(mn −mχ)(mn −mχ + 2me)
mn −mχ +me βe ~n
′ · ~n
)
, (24)
where we have used the definition of the coupling constant ζ(dm) in Eq.(13), k′e =
√
E0(E0 + 2me) and βe is the
velocity of the incoming electron. Then, σ0 is equal to
σ0 = 0.84× 10−21
(mn −mχ +me)
√
mn −mχ + 2me
(mn −mχ)9/2
b, (25)
where the fermion masses are measured in MeV. If mn −mχ ≤ 0.01MeV we get σ0 ≥ 0.45 pb. For the kinetic energy
of incoming electrons Te ≃ 1 eV we get βe ≃ 2× 10−3 and
4π
d2σ(βe, ~n
′, ~n )
dΩ′e
∣∣∣
βe≃2×10−3
≃ 0.22
(
1 + 4× 10−4 a(dm) ~n ′ · ~n
)
nb. (26)
This differential cross section possesses the following properties: i) it is practically isotropic and ii) for mn −mχ ≤
0.01MeV the momenta of outgoing electrons are restricted by the values k′e ≤ 0.10MeV which are much larger than
the momenta ke ≃ 10−3MeV of incoming electrons. In turn, using mn − mχ ≥ 0.12MeV (see discussion below
Eq.(51)) for the r.h.s. of Eq.(26) we get 3.95 (1 + 10−3 a(dm) ~n ′ · ~n ) fb and k′e ≥ 0.37MeV, respectively. In spite
of a sufficiently small value the differential cross section for the inelastic electron–neutron scattering Eq.(26) can be
distinguished above the background defined by the differential cross section for the reaction e− + n→ n+ e− caused
by the electromagnetic electron–neutron coupling [59, 60].
VIII. GAUGE INVARIANT QUANTUM FIELD THEORY MODEL FOR UV COMPLETION OF
EFFECTIVE INTERACTION EQ.(5) AND DARK MATTER DYNAMICS IN NEUTRON STARS
In this section we propose a gauge invariant quantum field theory model for the UV completion of the effective
interaction Eq.(5) and dark matter dynamics in neutron stars. We discuss compatibility of the predictions of this
model with constraints on i) the dark matter production in ATLAS experiments at the LHC, ii) the cross section
for low–energy dark matter fermion–electron scattering and iv) dark matter properties following from interference of
dark matter into dynamics of neutron stars.
We construct a gauge invariant quantum field theory model of nucleon, electron and neutrino and dark matter
particles with SUL(2) × UR(1) × U ′R(1) × U ′′L(1) gauge symmetry. Such a quantum field theory model contains the
sector of the Standard Electroweak Model (SEM) (or the SM sector) [3] with SUL(2) × UR(1) gauge symmetry and
the dark matter sector with U ′R(1) × U ′′L(1) gauge symmetry. The dark matter sectors invariant under U ′R(1) and
U ′′L(1) gauge symmetries are responsible for the UV completion of the effective interaction Eq.(5) and interference
of the dark matter into dynamics of neutron stars, respectively. First, we construct the quantum field theory model
invariant under gauge SUL(2) × UR(1) × U ′R(1) transformations for the UV completion of the effective interaction
Eq.(5), and then we extend it by the dark matter sector invariant under gauge U ′′L(1) symmetry, responsible for dark
matter dynamics in neutron stars.
A. Quantum field theory model with gauge SUL(2)× UR(1)× U ′R(1) symmetry for UV–completion of effective
interaction Eq.(5)
The SM sector of our model, including left– and right–handed neutron, proton, and electron and left–handed
neutrino, is invariant under gauge SUL(2)×UR(1) transformations and possesses symmetric and spontaneously broken
(or physical) phases. In the symmetric phase the interactions are mediated by two gauge fields ~Wµ = (W
1
µ ,W
2
µ ,W
3
µ)
and Bν and a doublet of the Higgs–field φ. The covariant derivatives of the matter fields and the Higgs–field are
defined by [3]
DLµ = ∂µ + i g
′ 1
2
Y Bµ + i g ~t · ~Wµ , DRµ = ∂µ + i g′ 1
2
Y Bµ, (27)
where matrix ~t is the 2 × 2 matrix of weak isospin, defined in terms of the Pauli matrices ~τ as ~t = 12 ~τ , such as
[ta, tb] = iεabctc, and Y is the operator of the weak hypercharge, related to the operators of the weak isospin ~I = ~t
10
and electric charge as Q = I3+
Y
2 [3]. Then, g and g
′ are gauge coupling constants. The Lagrangian of the SM sector
in the symmetric phase takes the form
LSM = −1
4
~Wµν · ~Wµν − 1
4
BµνB
µν + Ψ¯NLiγ
µDLµΨNL + Ψ¯eLiγ
µDLµΨeL
+ψ¯pRiγ
µDRµψpR + ψ¯nRiγ
µDRµψnR + ψ¯eRiγ
µDRµψeR + (DLµφ)
†DµLφ+ µ˜
2 φ†φ− λ˜ (φ†φ)2
−gp(Ψ¯NLψpRφc + φc†ψ¯pRΨNL)− gn(Ψ¯NLψnRφ+ φ†ψ¯nRΨNL)− ge(Ψ¯eLψeRφ+ φ†ψ¯eRΨeL). (28)
Here the field strength tensor operators of the gauge fields ~Wµν and Bµν are defined by
~Wµν = ∂µ ~Wν − ∂ν ~Wµ − g ~Wµ × ~Wν , Bµν = ∂µBν − ∂νBµ, (29)
ΨNL, ΨeL and φ are operators of the left–handed nucleon and lepton field doublets and the Higgs–field, respectively,
ΨNL = PL
(
ψp
ψn
)
, ΨeL = PL
(
ψνe
ψe
)
, φ =
(
φ+
φ0
)
(30)
and ψpR, ψnR and ψeR are operators of the proton, neutron and electron right–handed fields
ψpR = PRψp , ψnR = PRψn , ψeR = PRψe, (31)
where PL,R = (1 ∓ γ5)/2 are the projection operators; P 2L,R = PL,R and PLPR = PRPL = 0, and φc = iτ2φ∗. The
coupling constants gp, gn and ge are connected with the masses of the proton, neutron and electron. The parameters
µ˜2 and λ˜ define a non–vanishing vacuum expectation value of the Higgs–field φ corresponding to a physical phase of
the system described by the Lagrangian Eq.(27).
In the physical phase the components of the Higgs–field φ are equal to φ+ = 0 and φ0 = (v + ϕ)/
√
2, respectively,
where v is the vacuum expectation value 〈φ0〉 and ϕ is an observable scalar Higgs–field. In the physical phase the
Lagrangian Eq.(27) describes massive electroweak boson (W∓µ , Zµ) and massless electromagnetic Aµ fields, where Zµ
and Aµ are linear superpositions of the W
3
µ and Bµ gauge fields, a massive scalar Higgs–field ϕ, massive proton,
neutron and electron fields, and a massless neutrino field, respectively.
Now for the UV completion of the effective interaction Eq.(5) we have to introduce the dark matter sector. For this
aim together with the right–handed dark matter fermion field χ, described by the field operator ψχR, we introduce
the dark matter spin–1 Cµ and complex scalar boson Φ fields. The Lagrangian of the dark matter sector invariant
under gauge U ′R(1) transformations takes the following form
LDM′ = ψ¯χRiγµ(∂µ + ieχCµ)ψχR − 1
4
CµνC
µν + (∂µ − ieχCµ)Φ∗(∂µ + ieχCµ)Φ + κ2|Φ|2 − γ|Φ|4
+ψ¯χLiγ
µ∂µψχL −
√
2 fχ
(
ψ¯χRψχLΦ+ ψ¯χLψχRΦ
∗
)
+ Ψ¯eLiγ
µ
(
. . .+ ieχCµ
)
ΨeL − 2ζe(Ψ¯eLψeRφΦ+ Φ∗φ†ψ¯eRΨeL)
+2
√
2 ξχ
(
Φ∗ψ¯nRiγ
µ(∂µ + ieχCµ)ψχR − i(∂µ − ieχCµ)ψ¯χRγµψnRΦ
)
, (32)
where Cµν = ∂µCν − ∂νCµ is the field strength tensor operator of the dark matter spin–1 field Cµ, eχ is a gauge
coupling constant or the dark matter “charge” of the right–handed dark matter fermion χ and the left–handed SM
electron and neutrino. The parameters κ2 and γ define a non–vanishing vacuum expectation value of the dark matter
scalar field Φ, that leads to a non–vanishing massmχ of the dark matter fermion field ψχ, which should be proportional
to the coupling constant fχ. Then, the coupling constant ξχ defines a mixing of the right–handed neutron with the
right–handed dark matter fermion. In the term Ψ¯eLiγ
µ
(
. . .+ ieχCµ
)
ΨeL the ellipsis denotes the covariant derivative
DLµ. This means that the covariant derivative of the left–handed leptons in the quantum field theory, described by
the Lagrangian LSM+DM′ = LSM + LDM′ , should be taken in the form DLµ + ieχCµ. We have also redefined the
electron mass term ge(Ψ¯eLψeRφ+φ
†ψ¯eRΨeL)→ 2ζe(Ψ¯eLψeRφΦ+Φ∗φ†ψ¯eRΨeL). The Lagrangian Eq.(32) is invariant
under U ′R(1) dark matter gauge transformations
ψχR → ψ′χR = e iαχψχR , Φ→ Φ′ = e iαχΦ , ΨeL → Ψ′eL = e iαχΨeL , Cµ → C′µ = Cµ −
1
eχ
∂µαχ, (33)
where αχ is a gauge parameter. We would like to notice that the right–handed neutron field, described by the field
operator ψnR, and the left–handed dark matter fermion field ψχL are invariant under SUL(2)×UR(1)×U ′R(1) gauge
transformations. In turn, the right–handed electron field operator ψeR is invariant under U
′
R(1) dark matter gauge
transformations. In order to define the dark matter sector in the physical phase we take the complex dark matter
11
scalar field Φ in the following form Φ = ei αχρ/
√
2 [61, 62], where ρ is a dark matter scalar field, and make a gauge
transformation ψχR → ei αχψχR and ΨeL → ei αχΨeL [61, 62]. As a result we arrive at the Lagrangian
LDM′ = ψ¯χRiγµ(∂µ + i∂µαχ + ieχCµ)ψχR + ψ¯χLiγµ∂µψχL − fχψ¯χψχρ− 1
4
CµνC
µν +
1
2
∂µρ∂
µρ
+
1
2
(∂µαχ + eχCµ)(∂
µαχ + eχC
µ)ρ2 +
1
2
κ2ρ2 − 1
4
γρ4 + Ψ¯eLiγ
µ
(
. . .+ i∂µαχ + ieχCµ
)
ΨeL
+ 2 ξχρ
(
ψ¯nRiγ
µ(∂µ + i∂µαχ + ieχCµ)ψχR − i(∂µ − i∂µαχ − ieχCµ)ψ¯χRγµψnR
)
−
√
2 ζe ρ (Ψ¯eLψeRφ+ φ
†ψ¯eRΨeL). (34)
The field Cµ + ∂µαχ/eχ can be treated as a new dark matter spin–1 Z
′ field [61]. In terms of the Z ′–field the
Lagrangian Eq.(34) reads
L′DM = ψ¯χiγµ∂µψχ − eχψ¯χRγµψχRZ ′µ −
1
4
Z ′µνZ
′µν +
1
2
e2χZ
′
µZ
′µρ2 − fχ ψ¯χψχρ+ 1
2
∂µρ∂
µρ
+
1
2
κ2ρ2 − 1
4
γρ4 + 2 ξχρ
(
ψ¯nRiγ
µ(∂µ + ieχZ
′
µ)ψχR − i(∂µ − ieχZ ′µ)ψ¯χRγµψnR
)
+ Ψ¯eLiγ
µ
(
. . .+ ieχZ
′
µ
)
ΨeL −
√
2 ζe ρ (Ψ¯eLψeRφ+ φ
†ψ¯eRΨeL). (35)
where Z ′µν = ∂µZ
′
ν − ∂νZ ′µ is the field strength tensor operator of the dark matter spin–1 field Z ′. The potential of
the dark matter scalar ρ–field V (ρ) = − 12 κ2ρ2 + 14 γρ4 possesses a minimum at 〈ρ〉 = vχ =
√
κ2/γ. Introducing a
new scalar field ρ = vχ + σ [61] we transcribe the Lagrangian LSM+DM′ = LSM + LDM′ into the form
LSM+DM′ = ψ¯χ
(
iγµ∂µ −mχ
)
ψχ + ψ¯n
(
iγµ∂µ −mn
)
ψn − eχψ¯χRγµψχRZ ′µ −
1
4
Z ′µνZ
′µν +
1
2
M2Z′Z
′
µZ
′µ
+gχ
(
ψ¯niγ
µ(∂µ + ieχZ
′
µ)(1 + γ
5)ψχ − i(∂µ − ieχZ ′µ)ψ¯χγµ(1 + γ5)ψn
)− eχΨ¯eLγµΨeLZ ′µ
−ζe (vχ + σ) (Ψ¯eLψeRφ+ φ†ψ¯eRΨeL) + ξχeχ σ
(
ψ¯niγ
µ(∂µ + ieχZ
′
µ)(1 + γ
5)ψχ − i(∂µ − ieχZ ′µ)ψ¯χγµ(1 + γ5)ψn
)
+e2χvχZ
′
µZ
′µ σ +
1
2
e2χZ
′
µZ
′µ σ2 −
√
2 fχψ¯χψχσ +
1
2
∂µσ∂
µσ − 1
2
m2σ σ
2 − γvχσ3 − 1
4
γσ4 + . . . , (36)
where gχ = ξχvχ and mχ, MZ′ and mσ are masses of the dark matter fermion χ, dark matter spin–1 Z
′ and dark
matter scalar σ fields
mχ = fχ vχ , MZ′ = eχvχ , mσ =
√
2γvχ. (37)
In Eq.(36) the ellipsis denotes the contributions of other kinetic and interaction terms, which can be obtained in the
physical phases of the SM sector described by the Lagrangian Eq.(28). In principle, a mass of the dark matter scalar
σ–field is arbitrary. In order to allow the n→ χ transitions only by virtue of the dark matter spin–1 boson Z ′ we may
delete the σ–field from its interactions taking the limit mσ → ∞. This agrees well with the Appelquist–Carazzone
decoupling theorem [63]. Indeed, keeping the ratio vχ =
√
κ2/γ fixed one may set γ → ∞. This is similar to the
removal of the scalar σ–meson from its interactions in the linear σ–model of strong low–energy interactions [64]–[67].
The effective interaction Eq.(5) can be reproduced by the following part of the Lagrangian Eq.(36)
Lnχℓ = gχ
(
ψ¯niγ
µ(1 + γ5)∂µψχ − ∂µψ¯χiγµ(1 + γ5)ψn
)− gχeχ(ψ¯nγµ(1 + γ5)ψχ + ψ¯χγµ(1 + γ5)ψn)Z ′µ
− 1
2
eχψ¯χγ
µ(1 + γ5)ψχZ
′
µ −
1
2
eχΨ¯eγ
µ(1 − γ5)ΨeZ ′µ. (38)
This Lagrangian we use also for the analysis of compatibility of predictions of our model with constraints on i) the
dark matter production in experiments of the ATLAS Collaboration and ii) the cross sections for low–energy dark
matter fermion–electron scattering.
B. Self–energy corrections to the neutron state
The first two terms of Eq.(38) define the self–energy corrections to the neutron state. The contributions of the
second term are divergent are divergent and can be removed by renormalization of the mass and wave function of
the neutron. In turn, the contributions of the first term are finite and caused by direct transitions of right–handed
neutron (dark matter fermion) to the right–handed dark matter fermion (neutron). It is defined by the Feynman
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FIG. 4: The Feynman diagrams, describing the contribution of the n↔ χ transitions to the neutron mass.
FIG. 5: The Feynman diagrams, describing the amplitude of the neutron dark matter decay n→ χ+ ℓ+ ℓ¯.
diagram in Fig. 4. Having removed the contributions of the second term by renormalization of the mass and wave
function of the neutron we propose to estimate the coupling constant gχ from the contribution of the first term in
Eq.(38) to the neutron mass. Skipping intermediate calculations we get
δmn↔χ =
2g2χm
3
n
m2n −m2χ
≃ g
2
χm
2
n
mn −mχ , (39)
where we have taken into account that mχ . mn. According to [3], the neutron mass is equal to mn =
939.565413(6)MeV. This means that the mass correction δmn↔χ should be smaller than δmn↔χ < 6 × 10−6MeV.
This gives the following constraint on the coupling constant gχ: |gχ| < 2.45× 10−3√mn −mχ/mn, where masses are
measured in MeV. The coupling constant gχ is dimensionless. According to Babu and Mohapatra [68] the first two
terms in the Lagrangian Eq.(38) should induce also n↔ χ oscillations (see Eq.(14) of Ref.[68]). This effect demands
a special analysis, which goes beyond the scope of this paper.
C. UV completion for effective interaction Eq.(5)
The amplitude of the dark matter decays n→ χ+ ℓ+ ℓ¯, where ℓ = e−, νe and ℓ¯ = e+, ν¯e, respectively, is defined by
the Feynman diagrams in Fig. 5. The analytical expressions for the amplitudes of the decays n→ χ+ ℓ+ ℓ¯ are given
by
M(n→ χ+ ℓ+ ℓ¯)Fig.5a =
gχe
2
χ
2
[u¯χ(~kχ, σχ)γ
µ(1 + γ5)un(~kn, σn)]
−ηµν + qµqν
M2Z′
M2Z′ − q2 − i0
× [u¯ℓ(~kℓ)γν(1− γ5)vℓ¯(~kℓ¯, σℓ¯)] (40)
and
M(n→ χ+ ℓ+ ℓ¯)Fig.5b = −
gχe
2
χ
2
m2n
m2n −m2χ
[u¯χ(~kχ, σχ)γ
µ(1 + γ5)un(~kn, σn)]
−ηµν + qµqν
M2Z′
M2Z′ − q2 − i0
× [u¯ℓ(~kℓ)γν(1− γ5)vℓ¯(~kℓ¯, σℓ¯)]. (41)
Summing up the contributions of the Feynman diagrams in Fig. 5 we obtain the amplitude of the neutron dark matter
decays n→ χ+ ℓ+ ℓ¯
M(n→ χ+ ℓ + ℓ¯) = − gχe
2
χ
2M2Z′
m2χ
m2n −m2χ
[
u¯χ(~kχ, σχ)γ
µ(1 + γ5)un(~kn, σn)
] M2Z′
M2Z′ − q2 − i0
(
− ηµν + qµqν
M2Z
)
× [u¯ℓ(~kℓ)γν(1− γ5)vℓ¯(~kℓ¯, σℓ¯)]. (42)
Assuming that M2Z′ ≫ q2 we arrive at the amplitude
M(n→ χ+ ℓ+ ℓ¯) = gχe
2
χ
2M2Z′
m2χ
m2n −m2χ
[
u¯χ(~kχ, σχ)γ
µ(1 + γ5)un(~kn, σn)
]
[u¯ℓ(~kℓ)γ
ν(1 − γ5)vℓ¯(~kℓ¯, σℓ¯)], (43)
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which can be obtained from the effective local Lagrangian
LDMBL(x) =
gχe
2
χ
2M2Z
m2χ
m2n −m2χ
[
ψ¯χ(x)γ
µ(1 + γ5)ψn(x)
]
[Ψe(x)γ
ν(1− γ5)Ψe(x)], (44)
having the structure of the effective interaction Eq.(5), where
−GF√
2
VudhV =
gχe
2
χ
2M2Z′
m2χ
m2n −m2χ
, −GF√
2
Vudh¯A =
gχe
2
χ
2M2Z′
m2χ
m2n −m2χ
. (45)
In terms of the vacuum expectation value of the Higgs–field v = 1/
√√
2GF = 246GeV the coupling constants hV
and h¯A are defined by
hV = h¯A = − gχ
2Vud
v2
v2χ
mχ
mn −mχ . (46)
Taking into account the estimates Eq.(13) and |gχ| < 2.45 × 10−3√mn −mχ/mn we may estimate the vacuum
expectation value vχ. We get vχ ∼ 0.09 v (mn − mχ) ∼ 22 (mn − mχ)GeV, where mn −mχ is measured in MeV.
Below we extract the value of the mass difference mn −mχ from the constraint on the suppression scale of the dark
matter production in the experiments of the ATLAS Collaboration at the LHC.
D. Suppression scale associated with effective interaction Eq.(5)
The effective interaction Eq.(5) or Eq.(44) we may rewrite in terms of the suppression scale
LDMBL(x) = − 1
Λ2nχ
[
ψ¯χ(x)γµ(1 + γ
5)ψn(x)
]
[Ψ¯e(x)γ
µ(1− γ5)Ψe(x)], (47)
where Λnχ is the suppression scale defined by
Λnχ = 2vχ
√
1
|gχ|
mn −mχ
mχ
> 890 (mn −mχ)5/4GeV, (48)
where mn −mχ is measured in MeV. For mn −mχ ≤ 0.01MeV we get Λnχ ∼ 3GeV. For our estimate mn −mχ ∼
0.12MeV, obtained from comparison of the suppression scale with the constraints from the experimental data by the
ATLAS Collaboration at the LHC (see discussion below Eq.(51)), we get Λnχ ∼ 63GeV. Thus, the effective interaction
Eq.(5) is characterized by the suppression scale Λnχ ∼ 63GeV and the dark matter fermion mass mχ < mn ∼ 1GeV,
respectively.
E. Comparison with experimental data on dark matter production in ATLAS experiments at the LHC
The suppression scale Eq.(48) we cannot use for the comparison with experimental data by the ATLAS Collaboration
[69, 70] at the LHC. Indeed, the suppression scale Eq.(48) defines the strength of the n → χ transitions of the SM
fermion into one dark matter fermion, whereas in experiments by the ATLAS Collaboration it is assumed that dark
matter is produced in fermion–antifermion χ¯χ pairs. Since in our model a mediator is a dark matter spin–1 boson
Z ′ with mass MZ′ ∼ 22 (mn −mχ) eχGeV, we have to compare the predictions of our model with the experimental
constraints on the production of dark matter pairs χ¯χ, mediated by a spin–1 boson. According to [69], the theoretical
model, which is used for the analysis of experimental data by the ATLAS Collaboration, deals with a spin–1 boson
Z ′ coupled to the V + A dark matter χ¯γµ(1 + γ5)χ and quark q¯γµ(1 + γ5)q with coupling constants gχ and gq,
respectively [71] (see Eqs.(2.1) and (2.2) of Ref.[71]). For the comparison of the predictions of our model with the
experimental data by the ATLAS Collaboration we have to determine the amplitudes of nn¯ → χχ¯ and nn¯ → ℓℓ¯
annihilation mediated by the spin–1 boson Z ′.
The amplitude of the nn¯→ χχ¯ annihilation is defined by the Feynman diagrams in Fig. 6. The analytical expression
is equal to
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FIG. 6: The Feynman diagrams, describing the amplitude of the process nn¯→ χχ¯ mediated by the spin–1 boson Z′.
FIG. 7: The Feynman diagrams, describing the amplitude of the process nn¯→ ℓℓ¯ mediated by the spin–1 boson Z′.
M(nn¯→ χχ¯) = g
2
χe
2
χ
4M2Z′
m2n
(mn −mχ)2 [u¯χ(
~k ′1, σ
′
1)γ
µ(1 + γ5)un(~k1, σ1)]
M2Z′
M2Z′ − q2 − i0
(
− ηµν + qµqν
4M2Z′
)
× [v¯n(~k2, σ2)γν(1 + γ5)vχ(~k ′2, σ′2)]
+
g2χe
2
χ
4M2Z′
m2n
(mn −mχ)2 [u¯χ(
~k ′1, σ
′
1)γ
µ(1 + γ5)vχ(~k
′
2, σ
′
2)]
M2Z′
M2Z′ − p2 − i0
(
− ηµν + pµpν
M2Z′
)
× [v¯n(~k2, σ2)γν(1 + γ5)un(~k1, σ1)], (49)
where q = k′1 − k1 = k2 − k′2 and p = k1 + k2 = k′1 + k′2. In turn, the amplitude of the reaction nn¯→ ℓℓ¯ is defined by
the Feynman diagrams in Fig.7. The analytical expression is equal to
M(nn¯→ ℓℓ¯) = g
2
χe
2
χ
4M2Z′
m2n
(mn −mχ)2 [u¯e(
~k ′1, σ
′
1)γ
µve(~k
′
2, σ
′
2)]
M2Z′
M2Z′ − p2 − i0
(
− ηµν + pµpν
M2Z′
)
× [v¯n(~k2, σ2)γν(1 + γ5)un(~k1, σ1)]. (50)
From Eq.(49) and Eq.(50) we define the suppression scale ΛDM. We get
ΛDM =
2MZ′
|gχ|eχ
mn −mχ
mn
> 18 (mn −mχ)3/2TeV, (51)
wheremn−mχ is measured in MeV. For the derivation of Eq.(51) we have used that |gχ| < 2.45×10−3√mn −mχ/mn
and vχ ∼ 22 (mn −mχ)GeV. According to [72], the suppression scale should not be smaller than 790GeV. Setting
ΛDM = 790GeV we getmn−mχ ∼ 0.12MeV. Such an estimate of the mass difference agrees well with our assumption
that the production of the electron–positron pair in the neutron dark matter decay n → χ + e− + e+ may be below
the reaction threshold. For mn − mχ ∼ 0.12MeV we get vχ ∼ 3GeV and MZ′ ∼ 3 eχGeV, respectively. Setting
also eχ = 1 we obtain that our model is characterized by the dark matter fermion mass mχ < mn and the mass
of the dark matter spin–1 boson MZ′ ∼ 3GeV, i.e. MZ′ > mχ. As we show below this value for the mass of the
dark matter spin–1 boson Z ′ is confirmed by the experimental constraints on the cross sections for low–energy dark
matter fermion–electron scattering. Using the experimental data by the ATLAS Collaboration [73] (see Fig. 8) one
may see that the our model with the suppression scale ΛDM ∼ 790GeV, the mass of the dark matter spin–1 boson
MZ′ ∼ 3GeV and the mass of the dark matter fermion mχ < mn ∼ 1GeV belongs to the allowed region in the close
vicinity of the origin (see also Fig. 6 of Ref.[72]). The dark matter spin–1 boson Z ′ is unstable under decays Z ′ → χχ¯,
Z ′ → e−e+, Z ′ → νeν¯e, Z ′ → nχ¯ and Z ′ → n¯χ with the total width equal to
ΓZ′ =
e2χ
12π
MZ′ +
e2χ
24π
MZ′
(
1− m
2
χ
M2Z′
)√
1− 4m
2
χ
M2Z′
+
g2χe
2
χ
12π
MZ′
(
1− m
2
χ
M2Z′
)√
1− 4m
2
χ
M2Z′
. (52)
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FIG. 8: The experimental exclusion plots on the masses of the dark matter fermion independence of the mass of the dark
matter spin–1 boson by the ATLAS Collaboration [73].
In the last term we have neglected the difference between neutron and dark matter fermion masses. For eχ = 1,
MZ′ = 3GeV and mχ = 0.9394454GeV we get ΓZ′ = 108MeV. The lifetime of the dark matter spin–1 boson Z
′ is
τZ′ = 6.1×10−24 s. The branching ratio Br(Z ′ → e−e+) = 0.37, calculated in our model at eχ = 1 and MZ′ = 3GeV,
is in qualitative agreement with the branching ratio Br(Z ′ → e−e+) > 0.23 of a dark matter spin–1 boson Z ′ with
mass MZ′ ≤ 3GeV, obtained in [53] by taking into account the kinetic Z ′–mixing with the electroweak Z–boson and
photon at the tree–level (see Fig. 13 (b) of Ref.[53]). In our model the dark matter spin–1 boson Z ′ couples directly
to the leptons and dark matter fermion χ.
Making a replacement of the neutron–antineutron (nn¯) pair by the quark–antiquark (qq¯) pair with a coupling
constant g2q for gq = 0.25 [72] we may estimate the cross sections for the reactions qq¯ → χχ¯ and qq¯ → ℓℓ¯ mediated
by the dark matter spin–1 boson Z ′. At
√
s = 13TeV and for MZ′ = 3GeV and ΛDM = 790GeV we get σ(qq¯ →
χχ¯)Z′ ∼ 2× 10−40 cm2 and σ(qq¯ → ℓℓ¯)Z′ ∼ 10−48 cm2, respectively.
F. Comparison with experimental data on low–energy dark matter fermion–electron scattering
For the comparison of the predictions of our model for the dark matter fermion–electron elastic scattering we may
calculate the corresponding cross section. Using the Lagrangian Eq.(38) and the conditions of the χ+ e− → χ+ e−
reaction [74–76] we obtain the following cross section
σ(χe− → χe−)Z′ =
e4χ
16π
m2e
(M2Z′ − (mχ −me)2)2
. (53)
For eχ = 1, MZ′ = 3GeV, mχ = 939.4454MeV and me = 0.511MeV we get σ(χe
− → χe−)Z′ < 3 × 10−38 cm2. Our
estimate agrees well with the XENON10 data obtained at 90% (C.L.) and plotted in Fig. 3 of Ref.[76] for the dark
matter fermion form factor FDM = 1 and mχ < 1GeV.
G. Neutron lifetime anomaly and dark matter dynamics in neutron stars
The influence of the dark matter fermion χ, which can appear in the final state of the neutron dark matter decays,
on dynamics of neutron stars has been investigated in [77–80]. The main result is that dark matter fermions in the
equilibrium state with the SM matter of neutron stars do not destroy the possibility for neutron stars to reach the
maximum mass of about 2M⊙ [81], whereM⊙ is the mass of the Sun [3], only for mχ > 1.2GeV. In other words dark
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matter fermions with masses mχ < mn, which can be responsible for the solution of the neutron lifetime anomaly,
are ruled out. A certain possibility for existence of dark matter fermions χ with masses mχ < mn may appear in case
of existence of an repulsive interaction between dark matter fermions mediated by a sufficiently light dark matter
spin–1 bosons, the Compton wavelength of which is larger than inter-particle distances in neutron stars [77]. Such
a possibility for dark matter fermions from the neutron decays has been realized in scenario by Cline and Cornell
[80] within U ′(1) gauge quantum field theory model with dark matter fermions χ coupled to a dark matter photon
A′, which mass is constrained by mA′/g
′ ≤ (45 − 60)MeV, where g′ is a gauge coupling constant or a dark matter
“charge” of dark matter fermions. According to [80], the ratio mA′/g
′ ≤ (45 − 60)MeV depends on the nuclear
equation of state and has been derived from the requirement for neutron stars to have masses compatible with 2M⊙
[81]. In dependence of the value of the gauge coupling constant g′ the mass of the dark matter spin–1 boson A′ can
satisfy inequalities mA′ < 2me and mA′ > 2me. Since, according to Cline and Cornell [80], the neutron lifetime
anomaly is explained by a fully invisible decay mode n→ χ+A′, the mass of the dark matter spin–1 boson A′ obeys
the constraint mn −mχ > mA′ . A small mixing with a photon may allow the dark matter spin–1 boson A′ to decay
either into A′ → e−+e+ and A′ → 3γ for mA′ > 2me or into A′ → 3γ for mA′ < 2me, respectively. The experimental
exclusion of the decay mode n→ χ+γ [27] is satisfied by the suppression of this decay mode with respect to the decay
mode n→ χ+A′, i.e. Γ(n→ χ+ γ)/Γ(n→ χ+A′)≪ 1 [80]. In the model [80] the processes qq¯ → χχ¯ are mediated
by the scalar dark matter bosons with masses larger than 1.55TeV. This does not contradict the constraints by the
ATLAS experiments.
Since in our approach to the neutron lifetime anomaly the mass of the dark matter fermion is smaller than the
neutron mass mχ < mn, we have to accept the mechanism of the influence of dark matter fermions on dynamics of
neutron stars, allowing to have masses of about 2M⊙, developed by Cline and Cornell [80]. For this aim we extend
the symmetry of our model from SUL(2)×UR(1)×U ′R(1) to SUL(2)×UR(1)×U ′R(1)×U ′′L(1), where U ′′L(1) is a new
dark matter gauge group. The Lagrangian invariant under U ′′L(1) gauge transformations takes the form
LDM′′ = ψ¯χLiγµ(∂µ + ie˜χC˜µ)ψχL − 1
4
C˜µνC˜
µν + (∂µ − ie˜χC˜µ)Φ∗(∂µ + ie˜χC˜µ)Φ˜ + κ˜2|Φ˜|2 − γ˜|Φ˜|4
− 2f˜χ
(
ψ¯χRψχLΦΦ˜
∗ + ψ¯χLψχRΦ
∗Φ˜
)
, (54)
where C˜µν = ∂µC˜ν − ∂νC˜µ is the field strength tensor operator of the dark matter spin–1 field C˜µ, e˜χ is the dark
matter “charge” of the left–handed dark matter fermions and the dark matter complex scalar field Φ˜. The last term
in Eq.(54) is obtained from the term fχ
(
ψ¯χRψχLΦ+ ψ¯χLψχRΦ
∗
)
in Eq.(32) by the replacement
√
2 fχ
(
ψ¯χRψχLΦ+ ψ¯χLψχRΦ
∗
)→ 2f˜χ(ψ¯χRψχLΦΦ˜∗ + ψ¯χLψχRΦ∗Φ˜). (55)
This implies that the mass of the dark matter fermion χ appears in the phase of spontaneously broken U ′R(1)×U ′′L(1)
symmetry. The Lagrangian Eq.(54) describes interactions of dark matter particles only. We would like to notice that
the SM particles and the dark matter particles transforming under SUL(2) × UR(1) × U ′R(1) gauge transformations
are invariant under gauge transformations of the U ′′L(1) group.
Following Kibble [61] and repeating the procedure expounded above, namely, assuming i) to replace Φ˜ by Φ˜ =
ei α˜χ(v˜χ + σ˜)/
√
2, ii) to make a gauge transformation ψχL → e i α˜χψχL, and iii) to introduce a new spin–1 boson field
Z ′′µ = C˜µ + ∂µα˜χ/e˜χ, where v˜χ =
√
κ˜2/γ˜ is the vacuum expectation value of the dark matter scalar field Φ˜, we arrive
at the Lagrangian
LDM′′ = ψ¯χLiγµ(∂µ + ie˜χZ ′′µ)ψχL −mχψ¯χψχ −
1
4
Z ′′µνZ
′′µν +
1
2
M2Z′′Z
′′
µZ
′′µ + e˜2χv˜χZ
′′
µZ
′′µσ˜ +
1
2
Z ′′µZ
′′µσ˜2
+
1
2
∂µσ˜ − 1
2
m2σ˜σ˜
2 + γ˜ v˜χσ˜
3 − 1
4
γ˜ σ˜2 − f˜χψ¯χψχ
(
vχσ˜ + v˜χσ + σσ˜
)
, (56)
where mχ, MZ′′ and mσ˜ are masses of the dark matter fermion χ, dark matter spin–1 Z
′′ and dark matter scalar σ˜
fields
mχ = f˜χ vχv˜χ , MZ′′ = e˜χv˜χ , mσ˜ =
√
2γ˜ v˜χ. (57)
Without loss of generality we may again set the mass of the dark matter scalar boson σ˜ arbitrary heavy [64–67]. This
leads to the decoupling of the dark matter scalar boson σ˜ from the dark matter fermion χ and the dark matter spin–1
boson Z ′′ in agreement with the Appelquist–Carazzone decoupling theorem [63].
Since the dark matter spin–1 boson Z ′ is too heavy to provide a repulsion at large inter–particle distances in neutron
stars, so the contribution of its repulsion should be taken into account as some corrections to the repulsion produced
by the dark matter spin–1 boson Z ′′. Indeed, following McKeen et al. [77] (see also [80]), the pressure and energy
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density of neutron stars (or the equation of state of neutron stars) should acquire the corrections (see Eq.(11) of Ref.
[77] and Eq.(9) of Ref.[80])
∆Pχ = ∆ǫχ =
1
2
( e˜2χ
4M2Z′′
+
e2χ
4M2Z′
)
n2χ =
e˜2χ
8M2Z′′
(
1 +
v˜2χ
v2χ
)
n2χ =
e˜2χ
8M2Z′′
(
1 +Rχ
)
n2χ (58)
caused by the contributions of the dark matter spin–1 bosons Z ′′ and Z ′, respectively, where we have usedMZ′′ = e˜χv˜χ
and MZ′ = eχvχ. Perturbative contributions of the dark matter spin–1 boson Z
′ imply that the ratio Rχ = v˜
2
χ/v
2
χ
obeys the constraint Rχ ≪ 1. We estimate Rχ below Eq.(61). Having neglected the contribution of the dark matter
spin–1 boson Z ′ to the equation of state we may deal with the dark matter spin–1 boson Z ′′ only.
Thus, the part of the total Lagrangian LSM+DM′+DM′′ , which should be responsible for dark matter dynamics in
neutron stars, can be written in the following form
LSM+DM′+DM′′ = ψ¯χ(iγµ −mχ)ψχ − 1
4
Z ′′µνZ
′′µν +
1
2
M2Z′′Z
′′
µZ
′′µ − 1
2
e˜χ ψ¯χγµ(1− γ5)ψχZ ′′µ + . . . , (59)
where the ellipsis denotes the contributions of other kinetic and interaction terms of the SM and dark matter particles
of the model. In the non–relativistic approximation the potential of the dark matter spin–1 boson Z ′′ between two
dark matter fermions χ is equal to
VZ′′(r) =
e˜2χ
16π
e−MZ′′r
r
. (60)
Since it coincides with the potential of the vector field with massMZ′′ , describing a repulsive interaction between two
fermions with “charges” e˜χ/2 separated by a distance r, we may apply it for the analysis of dark matter dynamics in
neutron stars in the scenario by Cline and Cornell [80]. For a short confirmation of a validity of our model for the
analysis of dynamics of neutron stars we may use the estimate by Cline and Cornell [80]. Indeed, according to Cline
and Cornell [80], a possibility for neutron stars with dark matter fermions lighter than neutron and light dark matter
spin–1 bosons in the equilibrium with the SM particles to reach maximum masses compatible with 2M⊙ places the
constraint (see Eq.(12) of Ref.[80]). Since the correction to the equation of state (see Eq.(58), caused by repulsion
between dark matter fermions with massmχ < mn, is fully defined by the dark matter spin–1 boson Z
′′, the inequality
Eq.(12) of Ref.[80]) should be saturated only by the dark matter spin–1 boson Z”. In our notations such a constraint
reads
2MZ′′
e˜χ
. (45− 60)MeV. (61)
This allows to estimate the vacuum expectation value v˜χ. Substituting MZ′′ = e˜χv˜χ into Eq.(60) we get v˜χ .
(23 − 30)MeV. Using v˜χ . (23 − 30)MeV and vχ ≃ 3GeV for the ratio Rχ = v˜2χ/v2χ we get the value Rχ < 10−4.
Thus, the contribution of the dark matter spin–1 boson Z ′ to the equation of state of neutron stars makes up of about
0.01% with respect to the contribution of the dark matter spin–1 boson Z ′′. This, confirms our assertion that the
contributions of the dark matter spin–1 boson Z ′ can be taken into account perturbatively when it is required.
A specific value of the Z ′′–boson mass depends on the value of the gauge coupling constant e˜χ, which can be
obtained from a detailed analysis of the interference of dark matter into dynamics of neutron stars. Of course, such an
analysis, i) using the dark matter fermion mass obeying the constraint mχ −mn ≃ 0.12MeV, ii) taking into account
the neutron dark matter decay mode n → χ + νe + ν¯e, where the neutrino–antineutrino pair possesses a zero net
chemical potential [78], and equations of state [79, 82], goes beyond the scope of this paper. We are planning to
carry out such an analysis in our forthcoming publications. Here we would like only to notice that there is practically
nothing that can prevent for the dark matter spin–1 boson Z ′′ to have a mass as light as the dark matter spin–1
boson A′, introduced by Cline and Cornell [80].
H. URCA processes
URCA processes were introduced by Gamow and Scho¨nberg [83] for cooling of stars. As has been pointed out by
Gamow and Scho¨nberg [83]:”At the very high temperatures and densities which must exist in the interior of contracting
stars during the later stages of their evolution, one must expect a special type of nuclear processes accompanied by
the emission of a large number of neutrinos.” According to [84], the process
n+ n→ n+ n+ νe + ν¯e (62)
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can be accepted as an URCA process and be also responsible together with other URCA processes for the neutron
star cooling. In our model for the solution of the neutron lifetime problem there are processes
n→ χ+ νe + ν¯e , n+ n→ χ+ χ , n+ n→ χ+ χ+ νe + ν¯e , χ+ χ→ n+ n, (63)
which can be also treated as URCA processes and give certain contributions to the neutron star cooling. We are
planning to carry out an analysis of an influence of these processes on the neutron star cooling in our forthcoming
publications.
IX. DISCUSSION
We have analysed the dark matter scenario for the explanation of the neutron lifetime puzzle. Following Fornal
and Grinstein [20] we have accepted the hypothesis that the neutron can be unstable under dark matter decays.
However, as we have emphasized from the very beginning such a hypothesis is not innocent and entails the necessity
to revise our knowledge concerning the value either the axial coupling constant λ [5, 6]–[23] or the Fierz interference
term b. Indeed, according to the hypothesis of an existence of the neutron dark matter decay modes n→ χ+anything
[20], the SM should explain the value τn = 888.0 s of the neutron lifetime, measured in the beam experiments, but
not the value τn = 879.6 s, measured in the bottle ones. In this case using the results obtained in [4] one may show
that the neutron lifetime τn = 888.0 s can be fitted at λ = −1.2690. Since such a value of the axial coupling constant
is ruled out by experiments [5, 6]–[23], the required value of the neutron lifetime can be obtained only beyond the SM
in terms of the Fierz interference term. At λ = −1.2750 compatible with the experimental values measured in [6]–[23]
we get the Fierz interference term equal to b = −1.44× 10−2. This is the price for the acceptance of the neutron dark
matter decays, explaining the neutron lifetime anomaly.
In addition to the dark matter decay mode n→ χ+ e− + e+ with the decay dark matter fermion χ and electron–
positron pair, proposed by Fornal and Grinstein [20], we have added a new dark matter decay mode n→ χ+ νe + ν¯e
with the electron–neutrino–antineutrino pair. Such a decay mode should explain the neutron lifetime puzzle in case
of an unobservability of the electron–positron pair. According to experimental analyses of the dark matter decay
mode n → χ + e− + e+, carried out in [28], the branching fraction of such a process is suppressed at the level of
about 10−4 at 90% (C.L.) for kinetic energies of the electron–positron pairs 100 keV ≤ T−+ < 644 keV. Of course,
there is still room for observation of the electron–positron pairs with kinetic energies T−+ < 100 keV by the UCNA
Collaboration [28] and by the PERKEO Collaboration [29] using the electron spectrometer PERKEO II [30]. Our
theoretical energy, angular and invariant mass distributions can be used for the analysis for experimental data by the
UCNA and PERKEO Collaborations.
An unobservability of the electron–positron pairs in the products of the neutron decay should not mean that the
neutron dark matter coupling n → χ + e− + e+ does not exist. This may also mean that the electron–positron
pair production is below of the reaction threshold. In other words if the mass of the dark matter fermion obeys the
constraint mχ > mn− 2me, the dark matter decay mode n→ χ+ e−+ e+ is suppressed. Because of such a possibility
the discrepancy between the neutron lifetimes, measured in the bottle and beam experiments, can be explained by the
contribution of the neutron dark matter decay n → χ+ νe + ν¯e. Since in our model the strength of the interactions
n→ χ+ e− + e+ and n→ χ+ νe + ν¯e is the same, one may try to observe the “inverse” neutron dark matter decay
e−+n→ χ+e− or simply the low–energy electron–neutron scatting. We have calculated the differential cross section
for the low–energy electron–neutron scattering e− + n → χ + e−. We have found that it possesses the following
properties: i) it is inversely proportional to the velocity of incoming electrons, ii) it is isotropic, and iii) for low–energy
incoming electron there is constant flux of outgoing electrons with a momentum k′e =
√
(mn −mχ)(mn −mχ + 2me),
which is much larger than 3–momentum of incoming electrons. Thus, in spit of a sufficiently small value we may
argue that the differential cross section for the reaction e− + n → χ + e− can be very well distinguished above the
background defined by the differential cross section for the reaction e− + n→ n+ e− caused by the electromagnetic
electron–neutron couplings [59, 60] and [56–58].
For the UV completion of our effective interaction Eq.(5) we have proposed a quantum field theory model invariant
under SUL(2)×UR(1)×U ′R(1)×U ′′L(1) gauge transformations. The sector of SM particles, including neutron, proton,
electron, neutrino, photon, electroweak bosons and Higgs–boson, is described by the Standard Electroweak Model
(SEM) with SUL(2) × U ′R(1) gauge symmetry. The gauge group U ′R(1) is responsible for the UV completion of the
effective interaction Eq.(5). The interactions between neutrons, dark matter fermions and leptons are mediated by the
dark matter spin–1 boson Z ′. We have shown that the constraint on the suppression scale ΛDM ≥ 790GeV reported
by the ATLAS Collaboration [72] is fulfilled in our model for the mass differences mn−mχ ≥ 0.12MeV. The mass of
the dark matter spin–1 boson Z ′, defined for such a mass difference, is MZ′ ∼ 3MeV at eχ = 1. Such a value of the
dark matter spin–1 boson Z ′ is confirmed by agreement of predictions of our model for the cross section of low–energy
dark matter fermion–electron scattering (χ+ e− → χ+ e−) [76]. Our model with SUL(2)× UR(1)× U ′R(1)× U ′′L(1)
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gauge symmetry and the dark matter fermion mass mχ < mn ∼ 1GeV and the dark matter spin–1 boson Z ′ mass
MZ′ . 3GeV is not excluded by the experimental constraints by the ATLAS Collaboration [73] (see Fig. 8 in the
close vicinity of the origin).
Following our quantum field theory model and its agreement with constraints by the ATLAS experiments one may
state that a possible observation of the neutron dark matter decay mode n→ χ+ e−+ e+ with kinetic energies of the
electron–positron pair T−+ < 100 keV by the UCNA Collaboration [28] and by the PERKEO Collaboration [29] should
predict the suppression scale ΛDM > 18TeV for dark matter fermion–antifermion pair production in experiments by
the ATLAS Collaboration at the LHC.
The dark matter sector described by the gauge group U ′′L(1) is responsible for dark matter dynamics in neutron
stars in the equilibrium state with the SM environment. As has been pointed out in [77–80] the existence of dark
matter fermions χ with mass mχ < mn demands an existence of light dark matter spin–1 bosons required for a
repulsion between dark matter fermions χ modifying the questions of state of neutron stars and allowing neutron
stars to have masses of about 2M⊙. Since the dark matter spin–1 boson Z
′ is too heavy to describe correctly a
required repulsion, we have introduced the dark matter sector with a gauge U ′′L(1) group, which defines interactions
of left–handed dark matter fermions χ and a light dark matter spin–1 boson Z ′′. Indeed, as we have shown above
(see Eq.(58) and discussion below Eq.(61)) the contribution of the dark matter spin–1 boson Z ′ to the pressure and
energy density of neutron stars makes up of about 0.01% with respect to the contribution of the dark matter spin–1
boson Z ′′ belonging to the dark matter sector with U ′′L(1) gauge symmetry. Such a dark matter sector is constructed
according to scenario developed by Cline and Cornell [80]. However, unlike the model by Cline and Cornell [80] the
dark matter spin–1 boson does not couple to photon. As a rough confirmation of an applicability of our model to the
analysis of dynamics of neutron stars in the presence dark matter fermions χ with mass mχ < mn and dark matter
spin–1 bosons Z ′′ we have used the estimate 2MZ′′/e˜χ . (45 − 60)MeV, obtained by Cline and Cornell [80]. This
has allowed us to estimate the vacuum expectation value v˜χ . (23 − 30)MeV, defining the mass of the dark matter
spin–1 boson Z ′′. We have noticed that the use of the constraint 2MZ′′/e˜χ . (45 − 60)MeV from the scenario by
Cline and Cornell [80] can be accepted as a rough confirmation of an applicability of our model to the analysis of dark
matter dynamics in neutron stars. Of course, a detailed analysis demanding i) the use of the dark matter fermion
mass mχ −mn ≃ 0.12MeV, ii) the account for the neutron dark matter decay mode n → χ + νe + ν¯e, where the
neutrino–antineutrino pair possesses a zero net chemical potential [78], and iii) the use of equations of state [79, 82], we
are planning to carry out in our forthcoming publications. In addition to the possibility of our model to interfere into
dynamics of neutron stars allowing to reach masses of about 2M⊙ we have argued that the processes n→ χ+ νe+ ν¯e,
n+ n → χ+ χ, n+ n→ χ+ χ+ νe + ν¯e and χ+ χ→ n+ n, mediated by the dark matter spin–1 boson Z ′, can be
treated as URCA processes [83–85] and give a certain contribution to the neutron star cooling.
We would like to notice that the masses of the dark matter scalar bosons σ and σ˜ in the phase of spontaneously
broken U ′R(1)× U ′′L(1) symmetry are practically arbitrary. In order to diminish the number of dark matter particles,
which can be, in principle, observable in terrestrial laboratories, we have deleted dark matter scalar bosons σ and
σ˜ from their interactions with SM particles, dark matter fermions and dark matter spin–1 boson Z ′ and Z ′′ by
setting their masses infinitely heavy in agreement with the Appelquist-Carazzone decoupling theorem [63]. Such
a decoupling is similar also to the decoupling of the σ–meson in the linear σ– model (LσM) of strong low–energy
hadronic interactions [64–67].
We would like also to emphasize that our quantum field theory model with gauge SU(2)× U(1) × U ′R(1)× U ′′L(1)
symmetry predicts n↔ χ oscillations [68]. Practically the models by McKeen et al. [77] and Cline and Cornell [80],
using a certain nχ mixing should predict the n↔ χ oscillations.
We would like to notice that recently [86], we have analysed the contribution of the interaction Eq.(5) to the
electrodisintegration of the deuteron e− + d → χ + p + e− into dark matter and proton close to threshold. We
have proposed to search for such a dark matter channel e− + d → χ + p + e− in coincidence experiments on the
electrodisintegration of the deuteron e−+d→ n+p+e− into neutrons n and protons close to threshold with outgoing
electrons, protons and neutrons in coincidence. A missing of neutron signals should testify a detection of dark matter
fermions.
A. Abler–Bell–Jackiw anomalies and violation of renormalizability of renormalizable gauge theories
We would like to notice that practical applications of the dark matter sector with U ′R(1) gauge symmetry to the
analysis of different processes with SM and dark matter particles can be restricted by tree– and one–loop approxima-
tions. In the one–loop approximation the dark matter sector with U ′R(1) gauge symmetry, described by the Lagrangian
Eq.(32) is fully renormalizable and gauge invariant.
Renormalizability of the dark matter sector with U ′R(1) gauge symmetry can be violated in higher order of pertur-
bation theory [46]–[48] by the Adler–Bell–Jackiw anomaly [49, 50]. A lowest order of perturbation theory, to which
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FIG. 9: Examples of Feynman diagrams violating renormalizability of the dark matter sector with U ′R(1) gauge symmetry
to order O(e6χ/2
6) (a) and O(e8χ/2
8) (b) by the Adler–Bell–Jackiw anomaly in processes of fermion–fermion scattering or
fermion–antifermion annihilation.
FIG. 10: Example of Feynman diagrams violating renormalizability of the dark matter sector with U ′R(1) gauge symmetry to
order O(g2χe
4
χ/2
4) by the Adler–Bell–Jackiw anomaly, caused by the nχZ′ interaction.
renormalizability is violated by the Adler–Bell–Jackiw anomaly, is O(e6χ/2
6), for example, in the processes of fermion–
fermion scattering or fermion–antifermion annihilation. Some examples of Feynman diagrams of order O(e6χ/2
6) and
O(e8χ/2
8), violating renormalizability of the amplitudes of fermion–fermion scattering or fermion–antifermion annihi-
lation by virtue of the Adler–Bell–Jackiw anomaly in the dark matter sector with U ′R(1) gauge symmetry, are shown
in Fig. 9 (see also Fig. 14 of Ref. [48]). The dark matter spin–1 boson Z ′ couples to fermions through the vertex
Z ′Z ′Z ′ described by one–fermion loops with virtual dark matter fermions, electrons and neutrinos. In order to restore
renormalizability to order O(enχ/2
n), where n ≥ 6, we propose to add to the Lagrangian Eq.(32) the term
δLDM′ = ψ¯XRiγµ(∂µ + ieχCµ)ψXR −
√
2 fX
(
ψ¯XRψXLΦ + ψ¯XLψXRΦ
∗
)
+ ψ¯XLiγ
µ∂µψXL, (64)
where ψXR = PRψX and ψXL = PLψX are the field operators of a dark matter fermion X . The Lagrangian Eq.(64)
is invariant under U ′R(1) dark matter gauge transformations
ψXR → ψ′XR = e iαχψχR , Φ→ Φ′ = e iαχΦ , ψXL → ψ′XL = ψXL , Cµ → C′µ = Cµ −
1
eχ
∂µαχ, (65)
where αχ is a gauge parameter. In the physical phase the Lagrangian Eq.(65) takes the form
δLDM′ = ψ¯X
(
iγµ∂µ −mX)ψX − 1
2
eχ ψ¯Xγ
µ(1 + γ5)ψXZ
′
µ − fX ψ¯XψXσ, (66)
where mX = fXvχ is a mass of the dark matter fermion X such as mX = fXvχ ≫ mχ and even mX ≫ MZ′ . The
anomalous diagrams are one–loop fermion Z ′Z ′Z ′–diagrams with a coupling constant e3χ/
3. The contributions of
dark matter fermions χ and X give the Adler–Bell–Jackiw terms with a sign (−1), whereas the electron and neutrino
contributions appear with the sign (+1). Since the Adler–Bell–Jackiw anomaly does not depend on the mass of virtual
fermions [49, 50], the sum of the diagrams with dark matter fermion χ and X , electron and neutrino loops is free
from the Adler–Bell–Jackiw anomaly.
An additional violation of renormalizability by virtue of the Adler–Bell–Jackiw anomaly can appear also because of
the nχZ ′ interaction. For example, in the processes of fermion–fermion scattering and fermion–antifermion annihila-
tion the contribution of the nχZ ′ interaction, violating renormalizability by virtue of the Adler–Bell–Jackiw anomaly,
is of order O(e4χg
2
χ/2
4) (see some examples of Feynman diagrams in Fig. 10). Unfortunately, such a violation of renor-
malizability cannot be repaired. It is important to emphasize that a contribution of the Feynman diagrams, violating
renormalizability by virtue the Adler–Bell–Jackiw anomaly caused by the nχZ ′ interaction, relative to the main order
contribution O(e6χ/2
6) is of order O(4g2χ/e
2
χ) ∼ 4×10−12 at eχ = 1 and gχ < 2.45×10−3
√
mn −mχ/mn ∼ 10−6 with
mn − mχ ≃ 0.12MeV. One may argue that violation of renormalizability to such an order of perturbation theory
with contributions of a relative order 10−12 or even smaller cannot discredit any quantum field theory model moreover
when practical applications of such a model to the analysis of observable phenomena can be restricted by the tree–
and one–loop approximation only. This is confirmed also by our analysis of the decay mode H0 → Z + Z ′ of the SM
Higgs–boson H0 with mass MH0 = 125GeV, where Z is the electroweak boson.
According to [47], violation of renormalizability with a relative order 10−12 or even smaller to order O(g2χe
4/24) and
higher orders of perturbation theory, caused by the nχZ ′ interaction, may lead to violation of gauge invariance only
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FIG. 11: Feynman diagrams of the SM Higgs–boson decay mode H0 → Z + Z′. The ZZ′–mixing is caused by the one–lepton
loop exchanges with electron and neutrino in the intermediate states.
to the same order of magnitude, i.e. to a relative order 10−12 or even smaller, and in the same orders of perturbation
theory. So we may argue that up to fourth order of perturbation theory O(g2χe
2
χ/2
2) ∼ 2 × 10−13 at eχ = 1 (see,
for example, the Feynman diagram in Fig 10a without fermion line hooked by two dark matter spin–1 boson Z ′),
describing fermion–dark matter spin–1 boson Z ′ scattering (f + Z ′ → f + Z ′) or fermion–antifermion annihilation
into Z ′Z ′–pair (f + f¯ → Z ′ + Z ′) and other similar processes, renormalizability and gauge invariance of the dark
matter sector with U ′R(1) gauge symmetry are not violated by the nχZ
′ interaction.
B. Analysis of decay mode H0 → Z + Z′ of the Standard Model Higgs–boson H0 with mass MH0 = 125GeV
In addition to our estimates, which we have carried out in the main part of our paper for confirmation of predictive
power of our model, we would like to analyse a compatibility of the values of the gauge coupling constant eχ = 1
and the mass MZ′ ∼ 3GeV of the dark matter spin–1 boson Z ′, which we use in our estimates, with recent analysis
of exotic decay modes of the SM Higgs–boson H0 (or the Higgs–boson H0) with mass MH0 = 125GeV, reported by
Curtin et al. [53]. For this aim we calculate the partial width of the Higgs–boson decay mode H0 → Z ′ + Z ′ and
compare it with constraints from Ref.[53]. The Higgs–bosonH0 with massMH0 = 125GeV, discovered by the ATLAS
and CMS Collaborations at the LHC [51, 52], appears in the phase of the spontaneously broken SUL(2)×UR(1) gauge
symmetry of the SM sector of our model. The Lagrangian of the H0ZZ–interaction takes the form
LH0ZZ = v
1
4
(g2 + g′2)H0 ZµZ
µ =
e2
4 sin2 θW cos2 θW
v H0 ZµZ
µ, (67)
whereH0 and Zµ are the field operators of the Higgs–bosonH
0 with massMH0 = 125GeV [51, 52] and the electroweak
Z–boson, respectively [3]. Then, e =
√
4πα is the proton charge, expressed in terms of the fine–structure constant
α = 1/137.036 [3] and related to the gauge coupling constants g and g′ as follows e = g sin θW and e = g
′ cos θW ,
where θW is the Weinberg angle sin
2 θW = 1−M2W/M2Z = 0.223 forMW = 80.379GeV andMZ = 91.1876GeV, which
are the masses of the electroweakW– and Z–bosons [3]. The Feynman diagrams of the decay mode H0 → Z +Z ′ are
shown in Fig. 11. The Z → Z ′ transition is defined in the one–lepton loop approximation with electron and neutrino
intermediate states. Renormalization of the divergent contributions of the one–lepton loops we carry out by using
the procedure expounded in [87, 88]. Skipping intermediate calculations we give the partial width of the decay mode
H0 → Z + Z ′:
Γ(H0 → ZZ ′) = MH0
α3e2χ
72π2 sin2 θW cos6 θW
v2
M2H0
M4Z′
(M2Z −M2Z′)2
(
ℓn2
M2Z
M2Z′
+ π2
)(
1 +
(M2H0 −M2Z −M2Z′)2
8M2ZM
2
Z′
)
×
√(
1− (MZ +MZ′)
2
M2H0
)(
1− (MZ −MZ′)
2
M2H0
)
= 7.22× 10−6 e2χMeV, (68)
where π2 is the contribution of the lepton pairs on–mass shell. The numerical value is calculated for MH0 = 125GeV,
MZ = 91GeV, v = 246GeV and MZ′ = 3GeV. Since the total width of the Higgs–boson is equal to ΓH0 = 4.07MeV
[3, 53], the branching ratio of the decay mode H0 → Z + Z ′ is Br(H0 → ZZ ′) = 1.77 × 10−6 e2χ. For eχ = 1 the
branching ration Br(H0 → ZZ ′) = 1.77× 10−6 agrees well with constraints Br(H0 → ZZ ′) ∼ 10−4 − 10−6 imposed
by Curtin et al. [53] (see Fig. 12 of Ref.[53]). Thus, the agreement of the predictions of our model for the branching
ratio Br(H0 → ZZ ′) = 1.77× 10−6 with the results Br(H0 → ZZ ′) ∼ (10−4 − 10−6), reported by Curtin et al. [53]),
confirms fully correctness of the values of the gauge coupling constant eχ = 1 and the mass MZ′ ∼ 3GeV of the dark
matter spin–1 boson Z ′, used in our model for numerical analysis. A qualitative agreement of the branching ratio
Br(Z ′ → e−e+) = 0.37, calculated in our model, with the branching ratio Br(Z ′ → e−e+) > 0.23, proposed in [53])
(see Fig. 13/b) of Ref.[53]) does not suppress the use of the parameters eχ = 1 and the mass MZ′ ∼ 3GeV.
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C. Formulation of our model with SUL(2)× UR(1) × U ′R(1)× U ′′L(1) gauge symmetry at the quark level
For the quark level analysis of the neutron lifetime anomaly and dark matter production in ATLAS experiments
at the LHC we propose to follow [89–92] and present the proton and neutron field operators in terms of three–quark
densities (the three–quark densities of other baryons from octet and decuplet can be also found in [89–92])
ψp(x)→ ηp(x) =
√
2
3
εijk[u¯ci(x)γµuj(x)] γ
µγ5dk(x) −
√
1
3
εijk[u¯ci(x)γµdj(x)] γ
µγ5uk(x),
ψn(x)→ ηn(x) =
√
1
3
εijk[u¯ci(x)γµdj(x)] γ
µγ5dk(x) +
√
2
3
εijk[d¯ci(x)γµdj(x)] γ
µγ5uk(x), (69)
where ui(x) and dj(x) are the field operators of the up and down quarks, respectively, (i, j, k) are colour indices such
as i(j, k) = 1, 2, 3.Then, the quark field operator q¯ci(x) is defined by q¯
c
i(x) = q
T
i (x)C, where C = −CT = −C† is the
matrix of the charge conjugate, and T is a transposition.
At the quark level the SM sector of our model invariant under SUL(2) × UR(1) gauge symmetry should have a
standard form including a complete set of left–handed quark doublets and right–handed quark singlets and left–handed
lepton doublets and right–handed charged lepton singlets, respectively [3]. In turn, the dark matter sector invariant
under U ′′L(1) gauge symmetry is not changed, whereas the dark matter sector invariant under U
′
R(1) gauge symmetry
is described by the Lagrangian
LDM′ = ψ¯χRiγµ(∂µ + ieχCµ)ψχR − 1
4
CµνC
µν + (∂µ − ieχCµ)Φ∗(∂µ + ieχCµ)Φ + κ2|Φ|2 − γ|Φ|4
+ψ¯χLiγ
µ∂µψχL −
√
2 fχ
(
ψ¯χRψχLΦ+ ψ¯χLψχRΦ
∗
)
+ Ψ¯eLiγ
µ
(
. . .+ ieχCµ
)
ΨeL − 2ζe(Ψ¯eLψeRφΦ+ Φ∗φ†ψ¯eRΨeL)
+2
√
2 ξχ
(
Φ∗η¯nRiγ
µ(∂µ + ieχCµ)ψχR − i(∂µ − ieχCµ)ψ¯χRγµηnRΦ
)
, (70)
where ηnR = PRηn is the three–quark field operator with quantum numbers of the neutron and invariant under
U ′R(1) gauge transformations. In the physical phase the Lagrangian, describing interactions of dark matter with SM
particles, takes the form
Lqχℓ = ξχ vχ
(
η¯niγ
µ(1 + γ5)∂µψχ − ∂µψ¯χiγµ(1 + γ5)ηn
)− ξχvχ eχ(η¯nγµ(1 + γ5)ψχ + ψ¯χγµ(1 + γ5)ηn)Z ′µ
− 1
2
eχψ¯χγ
µ(1 + γ5)ψχZ
′
µ −
1
2
eχΨ¯eγ
µ(1− γ5)ΨeZ ′µ. (71)
The amplitude of the neutron dark matter decay mode n → χ+ ℓ + ℓ¯ is defined by the Feynman diagrams in Fig. 5
and by Eq.(43), where gχun(~kn, σn) is the matrix element
gχun(~kn, σn) = 〈0|ξχvχηn(0)|n(~kn, σn)〉. (72)
As a result, the effective low–energy Lagrangian of the neutron dark matter decay modes is given by Eq.(44).
For the estimate of the suppression scale for the dark matter production in the reaction qq¯ → χχ¯ at √s = 13TeV
[72] we may use the following effective Lagrangian
Lηnη¯n→χχ¯(x) ∝ −
ξ2χv
2
χe
2
χ
4M2Z′
[ψ¯χ(x)γ
µ(1 + γ5) ηn(x)][η¯n(x)γµ(1 + γ
5)ψχ(x)] =
= −1
4
ξ2χ [ψ¯χ(x)γ
µ(1 + γ5) ηn(x)][η¯n(x)γµ(1 + γ
5)ψχ(x)], (73)
where MZ′ = vχeχ. The effective Lagrangian Eq.(73) is defined by the t–channel Feynman diagram in Fig. 6a. The
contributions of the t– and s–channel Feynman diagrams in Fig. 6b - Fig. 6g can be neglected for
√
s = 13TeV [72].
Making a Fierz transformation [93, 94] (see also [31]) we get
Lηnη¯n→χχ¯ ∝ −
1
4
ξ2χ [η¯n(x)γ
µ(1 + γ5) ηn(x)][ψ¯χ(x)γµ(1 + γ
5)ψχ(x)]. (74)
The amplitude of the reaction uju¯
j → χχ¯, where uj and u¯j are the up quark and antiquark, respectively, coupled at√
s = 13TeV [72], is equal to
M(uju¯
j → χχ¯) = 〈χχ¯|Lηnη¯n→χχ¯(0)|uj u¯j〉 ∝ −
1
4
ξ2χ [u¯χγ
µ(1 + γ5)vχ]〈0|[η¯n(0)γµ(1 + γ5) ηn(0)]|uj u¯j〉. (75)
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Keeping only the leading contributions we obtain
M(uju¯
j → χχ¯) ∝ 16
3
〈d¯d〉2 ξ2χ [u¯χγµ(1 + γ5)vχ][v¯jγµ(1− γ5)uj ], (76)
where vj and uj are Dirac bispinor wave functions of the up antiquark and quark, respectively. The main contribution
to the amplitude of the reaction uj u¯
j → χχ¯ comes from the second term of the neutron quark structure Eq.(69). The
vacuum expectation value of the products of the diquark and anti–diquark field operators can be expressed in terms
of the quark condensate 〈d¯d〉. Since in the t–channel transferred momenta are non–relativistic, for a rough estimate
of the suppression scale of the reaction uju¯
j → χχ¯ we may use 〈d¯d〉 = −(0.240GeV)3 determined at the scale of
spontaneously broken chiral symmetry [89]. In this case the suppression scale of the reaction uju¯
j → χχ¯ is given by
ΛDM ∼
4
√
3
4
1
|〈d¯d〉||ξχ|
≥ 790GeV, (77)
where we have used the constraint ΛDM ≥ 790GeV [72]. This allows to estimate the coupling constant ξχ:
|ξχ| ∼
4
√
3
4
1
|〈d¯d〉|ΛDM
=
1
Λ4χ
, (78)
where Λχ ∼ 2.4GeV. Of course, we understand that a consistent calculation of the amplitude of the reaction qq¯ → χχ¯
demands the use of gluon exchanges, and our calculation of the amplitude of the reaction uju¯
j → χχ¯ is sufficiently
rough. Nevertheless, it can be used to illustrate a way to estimate the suppression scale for the reactions qq¯ → χχ¯
investigated experimentally in [72]. Thus, our analysis of the neutron lifetime anomaly by means of the effective
low–energy interaction Eq.(5) is supported by the quantum field theory model with SUL(2)×UR(1)×U ′R(1)×U ′′L(1)
gauge symmetry, which can be formulated at the hadronic and quark level, respectively.
There are two problems, the solution of which goes beyond the scope of this paper. They are i) an interference
of dark matter into evolution of neutron stars with dynamics described by the dark matter sector of our model with
U ′′L(1) gauge symmetry [77]-[80](see also [108]) and ii) a dark matter fermion–antifermion annihilation into lepton
pairs [95]–[100] (see also [108]). The latter is due to i) a necessity to include the dark matter fermion X with mass
mX ≫ mχ ∼ 1GeV in order to avoid violation of renormalizability, caused by the Adler–Bell–Jackiw anomalies, and
ii) a possible asymmetry between dark matter fermions and antifermions [101]-[107]. We are planning to investigate
these problems within the framework of our model in our forthcoming publications. Of course, the calculation of the
amplitude of the reaction qq¯ → χχ¯ within the framework of our model by taking into account gluon exchanges is also
in the field of our interest.
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